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INFLUENCE OF SOIL C0LTX)1DS ON AVAILABBLITY OF SALTS 

NEIL E. GORDON and E. B. STARKEY 
Vnkmily of Marylani 

Keceivcd lor iniblication October 13, 1921 
INTRODUCTION 

It has louR been known that clays arc hydrated mixtures of iron, aluminum, 
silica, the alkali metals and alkali earths, and tJiat they also contain some 
organic matter. WIwti the silicates decompose, the alkali and alkali earth 
metals ht'come more or h'ss available for plant-food while a part of the iron, 
alumina, silica, and organic matl<!r Ommus) take on the colloidal form, and 
in such form are not diri'ctly available as plant food. These colloids however, 
]>lay an iiulirect and ii very important rdle in plant nutrition as llic experi¬ 
mental work, which is to follow, will show. 

Many investigators have studied adsorption on clays where the clays have 
bet'n treated tis a whole, but in no case up to the present have they been able 
to definiti'Iy tell whether adsorption occum'd or whether there was a chemical 
rt'action between the clay and the salts used. Sullivan (4) showed that 
changes between radicals were involved. He found many complications 
especially when dealing with acid and alkaline .salts. Van Bcmmclen (S), 
Ashley (1) and Moore, et al. (3) of more a'cent date have .also done work along 
this lhu‘. 

h’or some time this lalwratorj' Iwia Iwen trying to throw some light on the 
adsorption by ojlloids which are known to c.xist in the soils, and to find the 
relation between the hydrogen-ion concentration and adsorption as regards 
these colloids. It woid<l seem that the work has shown how some salts in 
certain forms Is-come available for plant-food. 

MATKMAl, USKT) 

1 lydrogels of silica, alumina, and iron were prepared in the purest possible 
condition. The salts used in the adorption work were potassium nitrate, 
potassium sulfate, potassium acid phosphate, caldum nitrate, caldum sulfate, 
caldum acid phosphate,magnesium nitrate, magnesium sulfate, andmagnodum 
acid phosphate. The salts were those put out by the J. T. Baker Chemical 
Company, under the direction of the National Research Coundl. 
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Mt'itsNciJi., vob. XIv» wro. 1 
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NEIL E. GORDON AND E. B. STARKEY 


EXPERIMENTAL RESULTS 

Weighed quantities of the gels were placed in glass stoppered bottles with 
the various solutions and shaken until equilibrium was established* The 
time required for the equilibrium depended upon the amount of sliaking and 
upon the kind of gel and salt used. The solutions were analysed before and 
after shaking and the adsorption obtained by difference. All the water of 
hydration was considered water of dilution in order that the minimum adsorp¬ 
tion might be shown. The adsorption of each ion was calculated. In tlxe 
case of calcium acid phosphate, adsorptions were obtained as shown in table 1. 

In case of silica there is slight adsorption or negative adsorption. The 
negative adsorption would indicate that all the water which is in the gd 
does not act as water of dilution. Both ions are veiy highly adsorbe<l by 
the alumina and iron gels, and the adsorption increases with an incmasc of 
concentration. 

When the silica, alumina, and iron gels had adsorbed their maximum quan¬ 
tity of calcium acid phosphate they were washed with hot water. The first 


TABLE 1 

AdsorpUon of calcium acid phosphate by iilica, alumina^ and iron 


GONaNIKATrOKr 

Ca ADSORBED PER. GRAM OCt 

PO« ADSORBED PFR CRAM C4 t 

Silica 

Alumina 

Iron 

Silica 

Alumin«L 

Iron 

mgm. 

609.9 
421.6 
266 6 

0,100 iY. 

mgm. 

-0,12 

-0.12 

-0.11 

mgm. 

84.9 

51.4 

32.7 

mgm^ 

121.4 

83.3 

54.5 

mgm. 

0.08 

0.04 

0.01 

rngnu 

010 2 
393 A 
272.6 

0.050 iV. 

0.025N . 



50 cc. of wash water was analyzed except in the aisc of alumina. Then 500 
cc. was passed through in about SO-cc. portions and another 50-cc. portion 
was analyzed. This was continued during the day, and then a SO-cc. portion 
was allowed to stand on the gels over night. This SO cc. was run off in tlie 
morning and analyzed in order to com])are this portion with the portion 
obtained the day before. Table 2 gives the results for the phosphate ion. 

From table 2 it is quite plam in what order the adsorbed salts are washed 
from the gel. The first washing gives a heavy yield of phosphate, as it takes 
out a large part of the salt that is mechanically held. The amount in the 
filtrate slowly and gradually decreases as long as there is continuous washing, 
but when water is allowed to stand on the gel over night, the dro]) is much less 
marked in tiie case of iron and alumina gels, and in the case of silica there is a 
noticeable increase. It took about 20 liters of washings before the phosphate 
was washed from the silica so that it would not give a test when water was 
allowed to stand on it over night. The point was not reached when the wash 
water of the alumina and iron gel was entirely free from pho.sphatc. 

The silica gel was washed until it did not give a trace in its washings and then 
the gel was decomposed and only a trace of phosphate was found. When the 












INFLUENCE OF SOIL COLLOIDS ON AVAILABILITY OF SALTS 


3 


washings from the alumina and iron gels began to give the small values (0.3 
mgm.) given in tabic 2, they were decomposed and the phosphate left in the 
gels determined. These results are given in table 3. 


TABLE 2 

Results obtained by analyzing a series of wasJtings from siUca^ alumina and iron gels after each 
had suffered a maximum adsorption of Ca(Il%P 04 )t 


TZBOC OV ANALYSLS 

POi FOUND XK 50 cc. OF WASH WATER 


Silica gel 

Alumina gel 

Iron gel 


mgm. 

mgm. 

mgm. 

First SO cc. 

72.9 


39.9 

After 500 cc. 

0.5 

4.0 

7.8 

After 1000 cc. 

0.4 

2.6 

3.7 

After ISOO cc. 

0.3 

2.3 

2.4 

After first night. 

5.9 

2.6 

2.1 

After 3000 cc. 

0.0 

2.0 

1.8 

After second night... . 

4.0 

1.8 

1.8 

After 5000 cc. 

0.0 

0.3 

0.2 

After third night. 

Trace 

0.3 

0.3 


TABLE 3 

Results obtained by analyzing alumina a^td irtm gels for POa radical before and after washings 


After washing 


IlMhOF ANALYSIS 

PO4 W OKI. 

Alumina gel 

Iron gel 

sr . 

gm. 

0.3142 

0.2308 

gm. 

0.5728 

0.2688 


. 


TABLE 4 


Results which shout how adsorption varies with tite hydro%m-ion> concentration 



ADSOttPTtON rSE OEAU SIMCA mt 


ADhORPTION FEE CEAU lEON OED 

l>H VAtnn 



pll VALUi: 




PO4 

Ca 

PO4 


mgm. 

mgm. 


mgm. 

mgm. 

4.243 

0.45 

-O.M 

5,156 


554.8 

4.193 

0.41 

-0.75 

5.156 


536.8 

4.193 


-1.00 

5.038 

101.9 

536.8 

4.142 

0.18 

-1.56 

5.021 

101.9 

581.7 

2.463 

-0.89 

-2,62 

4.446 

S6.4 

587.7 


The alumina gel contained about two-thirds of the original phosphate 
radical, while the iron gel contained about one-half. 

Onc-twcnticLli normal solutions were made of diftcrent salts and their 
hydrogen-ion concentration was varied by the addition of sodium hydroxide 
or hydrochloric acid as the case might require. The adsorption in the case of 
calcium acid phosphate is gmm in table 4. 
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Tabic 4 shows how the amount of calcium adsorbed in each gel decreases 
with an increase of hydrogen-ion concentration. The phosphate radical 
follows the same order in the silica gel, but in the iron gel the order seems to be 
somewhat broken. The change of adsorption is not so marked in any case 
because of the small change in hydrogen-ion concentration. The hydrogen- 
ion concentration had to be kept within such limits that the calcium add 
phosplmlc would not be predpitated on the one hand and that the iron would 
not dissolve on the other hand. 

How the adsorption of potassium varies with a change of hydrogen-ion 
concentration when silica gel is treated with various potassium salts, is shown 
in table 5. 

Potassium in potassium salts follow the same order as caldum in caldum 
salts but table 5 shows that in the case of silica gel potassium is much more 
adsorbed, and further shows a greater change of adsorption with a change 
of hyrogen-ion concentration. A graph,figure 1, of the results of table 5 brings 

TABLE S 


Vcaiation o/ adsorption of potasnum in reilalion to hydrogen-ion concentration when sohtUons of 
different potasHum nUts are used with sUica gel 


At>bOiiPTiOK or KHir04 

ADSOKPTIOK OF KNOl 

AJDSO&PTXON or KsSOi 

pit value 

Amount per 
Kiam of gel 

pH value 

Amount per 
gram of gel 

pH value 

Amount per 
gram of gel 


mgm. 






9.63 

9.873 


9.890 

10.06 

7.692 

6.56 

8.SS4 


8.706 

9.93 

6.086 

1.74 

6.830 


7.337 

4.70 

3.888 

-0.68 

6.390 

-1.1 

7.117 

1.91 



3.360 

-1.3 

S.27S 

1 16 


out the relation between hydrogen-ion concentration and adsorption. It is 
noted by the graph that when the hydrogen-ion concentration is about 7, a 
small change in hydrogen-ion concentration is accompanied a large change 
in ads(>ri)tion. 


DISCUSSION OP RESULTS 

The results in table t would indicate that the adsorption of soils is influenced 
more by iron and alumina colloids than by silica colloids. The alumina and 
iron colloids would have about equal influence. The concentration of the 
soil solutions should have some influence on tlie quantity of salt adsorbed by 
the soil colloids. 

Table 2 gives one some idea of how salts may become available after they 
have once been adsorbed by the colloids of the soil. The adsorbed quantity, 
which would probably be the amount loft after the second or third washing is 
scon to be released in a very gradual fashion. This indicates that soil colloids 
play a rdle in keeping salts from being washed quickly from the soil. When 
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the water is allowed to stand on the gel over night, the salt is given time to 
partition itself to a greater extent between the gel and the water. In the 
adsorption experiments it was found that the gels reached an equilibrium 
very slowly, and in a like manner they give back their salts very slowly, but 
probably fast enough for the use of the salt for the plant. 'Hiis fact is espec¬ 
ially true of the iron and alumina gels. Whether all the salt adsorbed ))y 
the alumina and iron gels is available for plant food is questionable. 

The results as given in table 4 and the accompanying graph ])Oint to the 
fact that the adsorption by soil colloids is influenced to some extent, at least, 
by the acidity of the soils. Potassium and calcium in certain forms, at least, 
are less available as the h 3 n:ogen-ion decreases. In the gra])h, figure 1, it 
will be noted that a small change in the hydrogen-ion conamtration around 
the value 7 is followed by a big change in adsorption of potassium by 
silica gel. 

The work seems to be in keeping with some investigational work on soils. 
The work of A. G. McCall and A. M. Smith (2) is an illustration. They added 
sulfur to different greensand marls, and varied conditions so that varying 
amounts of sulfur were oxidized over to the sulfur acids. Where the greatest 
amoimt of sulfur was oxidized the largest quantity of water soluble potassium 
was produced. According to table 4, when the hydrogen-ion concentration 
is increased by the oxidation of the suKur, the potassium should become less 
adsorbed or more available. This is what was found in the reference given. 

The probable facts are that the outer surfaces of these silicate grains have 
undergone decomposition to the extent that the iron, alumina, and silica in 
this outer layer have taken on thecolloidal form. Each sand grain has become, 
as it were, encased in a thin colloidal layer and the potassium is more or less 
adsorbed by this colloid. As soon as the sulfur begins to be oxidized, and 
hence the hydrogen-ion concentration increased, the potassium, according to 
table 4, should be less adsorbed hy this encasing colloid or hecoriK' mon‘ 
available. This is what McCall and Smith found. Kurthermon^, they found 
that the fineness of the sand increased the availal)ility of the i)<)tassiuTn. 
Since the fineness of the sand means more surface, and since adsor[>tion is a 
surface phenomena this increased availability of the potassium would l)(‘ 
expected when the hydrogen-ion concentration is inert'ased by the addition of 
sulftir. 


SUMMARY 

1. Silica gel shows small adsorption for salts like calcium acid phospliate, 
while the alumina and iron gels show a large power of adsorption. 

2. Within the limits of the concentrations used, the adsorption incrt*ase<i 
with the concentration of the salt solution. 

3. The colloids gave up their adsorbed salts gradually. 

4. One of the factors affectmg the solubility and therefore the availability 
of some ions like potassium and caldura in certain forms is the hydrogen-ion 
concentration. 



lOTLCJENCE OP SOIL COLLOIDS ON AVAILABILITY OP SALTS 


7 


REFRRENCKS 

(1) A^^nrEY, ir. E. 1915 Technical control of the colloidal matter of cla}^. U. S. Bur, 

SUin. Technol., Pai)cr 23. 

(2) McCall, A. CL, and Smith, A. M. 1920 Effect of manure-sulfur composts u|X)n the 

availability of the i>olassiuni of pfreensand. In Jour. Agr. Res., v. 19, p. 239-256. 

(3) MoorIm C. J., W, H. Fry, Middieton, IT. E. 1921 Methods for determining the 

amount of colloidal matciial in soils. In Jour. Indus. Engin. Chem., v. t3, p. 
527-530. 

(4) SirLiiVAN, K. C. 1907 ‘'Fho mteraction between mineral and water solutions with 

special reference to geologic phenomena. U. S. Geol. Sur. Bull. 312, v. 69, p. 
5-64. 

(5) Van Bemmelen, J. !M. 1879 Das Absorptionvcrmbgen der Ackererde. In Landw. 

Vers. Stat., v. 23, p. 265-393. 




VARIATION OF NITRATE NITROGEN AND pH VALUES OF SOILS 
FROM THE NITROGEN AVAILABILITY PLOTS^ 

A. W. BLAIR AND A. L. PRINCE 
New Jersey Agrktdiural Experiment Stations 
deceived for pabllcation November 21,1921 

The nitrogen availability plots at this station have been under observation 
since 1908 and for this reason they seemed to offer an excellent opportunity 
for a study of the variations in pH values and nitrate nitrogen in the soil during 
and immediately following the growing season. 

It wiis therefore dctcmiincd to take samples at intervals of about two weeks 
through the summer and continuing into the fall as long as samples could be 
taken to good advantage. 

The crop rotation which has been used and the fertilizer treatment have 
been described in earlier publications (2, 3) and on that account only brief 
reference need be made here to tlicsc points. The soil is a loam, but inclines 
to the gravelly phaise. 

The rotation is a general farm crops rotation—com, oats, wheat and timothy 
(two years) without legumes, since these could not be introduced where the 
availability of nitrogenous fcrtili 2 !ers is being studied. The series of plots 
marked A receive no lime; those marked B received ground limestone at the 
rate of one ton per acre in 1908 when the work was started, and since that 
time, at intervals of five years, have received two tons per acre. The last 
application was made in the spring of 1918. 

'Hie fertilizer tK'atmcnt for the plots included has been as follows: 


FLOi NUMniK 

11RltLI»K IKl AtMlNr 

7A, 

7B 

Nothing 

<>A, 

9l\ 

Minerals,' 16 pounds NaNO® 

tlA, 

IIB 

Minerals, (NIl 4 )aS 04 equivalent to 16 pounds NaNO* 

13A, 

13B 

Minerals, dried blood equivalent to 16 i>ounds NaNO$ 

17A, 

17B 

Minerals, 200 pounds wheat or rye straw 

18A, 

18H 

Minerals, 1600 pounds cow manure and 16 pounds NaNO® 

10A, 

19B 

Minerals, only 


> Minerals •• 32 pounds acid pho^ato and 16 (Munds muriate of pota^. 


Fertilizers and manures are applied annually, near the time of seeding the 
crop, except in the case of fall-sown crops, when only one-fourth of the mineral 

* Paper No. 96 of the Journal Series, New Jersey Agricultural Experiment Stations, De¬ 
partment of Soil Chemistry and Bacteriology. 

Tim paper will appear in the Rutgers College Studies, vol. 1. 
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nitrogenous fertilizer is applied at the time of seeding and the remainder as a 
top dressing the following spring. Also in the case of the hay crop the mineral 
fertilizers are applied in the fall following the first season’s cutting. 

It should be explained here that the wheat wluch was seeded in the fall of 
1919 was badly injured by the cold weather of 1919-1920 and on this account 
it became necessary to plow this under and reseed to barley in the sjwing of 
1920. The barley was seeded on May 3. Nearly a month later—^May 29— 
the first samples of soil were collected. Five or more borings, to the depth of 
6f inches, were taken from each plot, and these were combined to make a 
composite sample. These samples were taken to the laboratory where they 
were air-dried and passed through a 2 mm. sieve (without grinding) to remove 
gravel and course organic matter. Following the barley the land was plowed 
during the latter half of August and fitted for seeding timothy. Manure and 
fertilirers were applied in accordance with the plan already outlined, the former 
being spread broadcast before the land was plowed and the latter after the 
land was prepared, September 3 and 4. The timothy was seeded September 7. 

The hydrogen-ion determinations were made by the double tube color 
method described by Gillespie (1) and the nitrate determinations by the colori¬ 
metric method of Schreiner and Failyer (5). 

The results of the hydrogen-ion determinations (pH values) are shown in 
table 1. It is at once apparent that there has been little change in the pH 
values throughout the period, the averages for the various samplings being 
almost identical, with the exception of the samples taken May 29th. 

There is on the other hand a distinct difference between samples from the 
limed and the unlimed plots, the latter showing distinctly lower pH values, 
the lowest season-average for any plot being 4.7 (llA), and tlie highest 6.1 
(9A and 18A). 

It will be recalled that llA is the plot which has received annual applications 
of ammonitun sulfate equivalent to 320 pounds of nitrate of soda per acre. 
This plot is now so acid that it practically inhibits growth of such crops as 
com, wheat, and timothy. Inst^ there appears a volunteer crop of sour 
grass, and later in the season a heavy growth of crab grass. 

From the results of this work it would appear that a pH value in the neigh¬ 
borhood of 4.5 indicates a degree of acidity which practically prohibits the 
growth of the ordinary farm crops. This view is strengthened by results 
secured where the soil was made very acid by heavy applications of sulfur (4). 
In this case the growth of soy beans was very much reduced where the pH 
value was 4.5 or less. 

With the exception of IIB (the limed ammonium sulfate plot) the limed 
pbts show a pH value varying but little from 7.0. However the samples taken 
on May 29th and November 25th appear to be slightly lower in pH value ths n 
those taken at the intervening dates. 

The samples from IIB are consistently lower in pH value than those from 
the other plots, although the soil of this plot is not suiScicnlly acid to interfere 
with normal crop growth. 
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Tt is of interest to compare pH values of samples from these plots with the 
lime requirement determination by the Veitch method. These determinations 
were made for all of the plots, but at less frequent intervals than the pH read¬ 
ings. IL does not seem wise to attempt a direct comparison with the pH values, 
but it is of interest in connection with these values to note that the average 
lime requirement for plot llA is more than four times as much as for 9A. 


TABLE! 

IIYdfoeen^ton coiiccnlmlwn, expre^^ed a? pU valuer^ of wtls from the 7 iitro%en availability 



Ufilmed section 



pn 

pn 

pn 

pn 

pn 

pn 


pn 

d 

pn 

pn 

pn 

pn 

pn 

7A.* 

5.8 

5,8 

6.0 

5.8 

6 0 

6 0 


5.8 

6.0 

6.2 

6.2 

6.1 

lati] 

5.97 

OA 

6.0 

6.4 

6.3 

6 1 

6 0 

6 0 

5 9 

6.0 

6 0 

6 2 

6.1 


6.0 

6.07 

llA 

4.6 

4.S 

4.6 

4 7 

4 6 

4.8 

4 9 

4.9 

4.5 

4.7 

4.9 

4 7 

4.7 

4.70 

13A 

5.7 

5.7 

5.7 

5.7 

5.7 

5 7 

5.7 

5.9 

5 9 

5.9 

5.8 

6.0 

5.9 

5.79 

17A 

5.8 

■W] 

6.2 

6.0 

5.8 

5.8 

s a 

5.8 

5.9 

5.8 

5.8 

5.9 


5.89 

18A 

5.9 

6.2 

6.2 

6.2 

mmfi 

6.1 

6.3 

6.2 

5.9 

MTil 

6.0 

lap] 


6.07 

19A 

5.7 

S.4 

5.4 

5.9 

5.7 

5.7 

5.9 


S.7 

5.8 

5.9 

5.8 

5.9 

5.75 

Average. 

5.61 


5.73 

5.76 

5.63 

5.70 

5.75 

5.80 

S.65 

5.73 

5.75 

S.73 


5.71 


Lmed section 


7IJ 

6.9 

7.0 

m 

7.0 


7,0 

HB 

7.0 

7.1 

7.1 

7.0 

7.0 

BB 

7.01 

9B 

7.1 

7.2 

7.1 

7.2 

7.1 

7.2 

7.2 

7.1 

7.2 

7.0 

7.0 

7.1 

7.1 

vim 

IIB 

6.4 

6,5 

6.4 

6.8 

6.5 

6.7 

6.7 

6.8 

6.6 

6.6 

6.6 

6.4 

6.4 

6.S6 

13B 

6.9 

6.9 

6.9 

6.9 

7.0 

7.0 

7.1 

7.1 

7.1 

7.0 

7.0 

6.8 

6.9 

6.96 

17B 

6.9 

7.2 

7.1 

7.1 

7.1 

7.1 

7.1 

7.1 

7.2 

7.2 

7.0 

6.9 

6.8 

7.06 

18B 

6.9 

7.1 

7.1 

7.1 

7.1 

7.1 

7.1 

7.2 

7.2 

7.2 

7.1 

7.0 

6.9 

7.08 

19B 

7.1 

7.1 

7.1 

7.1 

7.2 

7.2 

7.2 

7.2 

7.2 

7.2 

7.1 

7.1 

6.9 

7.13 

Average. 

6.89 


6.96 


7.00 

7.04 


7.07 

7.08 

7.04 

6.97 


6.86 

6.99 


* Omitted from average on account of the dilTicuIty in getting a clear solution for readings* 


The lime requirement appears to vary some with tlie date of sampling, but 
this variation may be apparent rather than real, since it is difficult to get dose 
agreement of residts by this method. 

Of the limed plots, 9A shows a lower average requirement than any of those 
that received fertilusr. This is in coraformity with the generally accepted 
opinion that the continuous use of nitmte of soda tends toward an alkaUne 
condition of the soil. In this connection it may be pointed out that 9A shows 
a higher pH value than any of the other unlimed plots except ISA, and this 
plot also receives nitrate of soda in addition to the manure. 
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Of the limed plots only IIB showed a lime requirement by the Vcitch method, 
and this is so low as to be practically negligible. The lime requirement deter¬ 
minations are shown in table 2. 


TABtE2 


Ime reguiremaU (pounds CaO per 2,000,000 pounds soil) by the VeiUh method. 1920 


DATE OF SAUFimO 

7A 

9A 

llA 

13A 

17A 

18A 

19A 

AVI RAGI 


lbs. 

lbs. 

lbs. 

lbs. 

Ibf. 


lbs. 


May 29. 

400 








July 12 . 

COO 






Ro 


August 24. 

400 



1200 

400 

800 

RS 


October 11. 

200 

200 





RS 


November 25. 

600 


1800 




Km 


Average. 

360 

520 

2120 

920 

760 

880 

1120 

954 


INEXtJENCE OP SOIL REACTION ON CROP YffilDS 

In connection with the pH values and lime requirement data it is of interest 
to study the yields of barley and of timothy hay obtained from these plots 
for the seasons of 1920 and 1921. The wei^ts for the different plots are 
shown in table 3 which appears under the discussion of nitrates. From these 
figures it will be noted that the limed plots gave the largest yield in nearly 
every case. The low yields from 7A and 7B are due in part to starvation, 
these plots having received no fertilizer during the entire period. The wide 
difference between the yields on llA and IIB is of especial interest in con¬ 
nection with the pH values and lime requirement detcrmination.s for tliesi’ 
plots, the yield of barley on the latter bemg dght limes, and of timothy hay 
nearly twenty-five times that on the former. In connection with the timothy 
hay of 1921 it should be pointed out, that tlA yicldc<l a rather heavy swond 
growth crop, 660pounds, which was practically ail crab grass. On the other 
hand there was not enough second crop growth on IIB to justify cutting. 

The increase in yield from 17B over 17A is due in part to volunteer clover 
which has been gradusdly creeping in on this plot. The tendency of the clover 
to come in is due to the fact that this plot receives its nitrogen in the (form of 
chopped-up rye straw, a slowly available source, and the lime and minerals 
whidi are applied encourage the growth of dover to the exdudon of the timothy 
which does not get enough available nitrogen. A considerable amount of 
vdunteer do^ has also appeared on 19B and this accounts in part for the 
increase in yield over 19A. These two cases only serve to further ewpViflaigft 
Ae importance of keying the soil reaction near the neutral point where clover 
is to be grown. 
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NITRATE NITROGEN IN TEE SOILS 

Nitrate detenninations for the seven limed and seven unlimed plots, for 
the period May 29 to November 25,1920, are shown m table 3. 

With comparatively few exceptions the unlimed plots show a higher nitrate 
content than the limed plots. This is clearly brought out by the averages for 


TABLE 3 

Nitrate nitrogen expressed as parts per million of nitrogen in soil samples from vntimed and 
iinied plots collected at intervals of two weks from May 2P to November 25,1920 









1 .. 

Jh 


! -1 

1 » 

00 



PLOT 

NUMBPR 

1 

3 

33 

1 

a 

1 

es 

1 

Oi 

I 

1 

AUGUST 24 

! 

! 

OCTOBER i 

OCTOBER 2 

I 

1 

1 


Unlmed section 



p.pm 

p.p w. 

p.pM, 

p.p m. 

p.p.m 

p.p.m 

p.p.m 

p,pm 

P»pm 

ppM 

ppm 

p.p.m 

p.p.m. 

p.p.m. 

7A 

2.52 

XM 

4.12 

2.12 

2.10 

CTO 

1.46 

5.13 

5.73 

nPiJ 

8.79 

8.79 

1.10 

3.68 

<>A 

S.65 


2.14 

1.61 

1.20 

1 08 


6.91 

11.46 

6 87 

4.24 

1.80 

0.80 

3.74 

llA 

8.27 

13.18 

mm 

16.46 

0 66 

m 

2.26 

4.00 

7.99 

3.49 

7.99 

7.99 

1.72 

7.33 

13A 

14.39 

1 76 

1.44 


0 80 


2.52 

3.32 

7.03 

Plol 

Vmm 

1,53 

1.34 

3.33 

17A 

2.()0 


1.30 


0 80 


1.04 

mWfLil 

2 40 

2.66 

3 66 

2.28 

1.00 

1.67 

18A 

13.79 

2.80 

4.19 

3.46 

3.06 


2 92 

15.98 

21.98 

9.99 

14.59 

13.2d 

1.80 


t<>A 

3.25 

1.16 

1.34 

1.90 

0.80 



2.00 

2.54 





1.71 

Average 

7.21 

3.11 

5.04 

4.09 

1.35 

1.25 

2.14 

5.58 

8.45 

4.72 

6.28 

5.53 




Lamed section 


7B 

3.86 

1.26 

1.40 


1.60 


1,33 

6.63 

13.83 

2,00 


4.63 

M 

3.39 

9B 

5.32 


1.60 

1.75 

3,20 


rro 

7.43 

7.99 

2.00 



m 

2.8$ 

IIB 

7.99 


1.54 



1.36 

1.04 

mmm 

ETO 

3.66 



B 

2.85 

13B 

5.51 

0.92 

1.50 

2.12 


CTO 

1.72 

3.52 

5.27 

3.66 


6.39 

m 

CTO 

17B 

5.79 

3.20 

2.60 


3.00 

1.44 

rro 

4.63 

6.63 




1.00 

3.06 

18B 

9.31 

0.88 

3.20 

4,00 

3.46 

3.32 

4.52 

15.98 

22..37 

6.33 

1.91 




19B 

3.39 


2.14 


2.26 

1.76 

2.32 

5.31 

7.19 

1.28 


0.88 


2.59 

Average 

5.88 

1.24 

2.00 

2.56 

2.50 




9.61 

2.99 

3.08 

2.91 

1.16 

3.42 


the two scctioas, tlie general average for the former being 4.30 parts of nitrogen 
jKjr million and for tlie latter 3.42 parts per million. 

The larger growth of Iwirley on tlie limed plots during the early part of the 
season might easily account for this difference. On the other tond there is 
some doubt as to whether this explanation would liold after the barley was 
full rii)c and had been harvested, that is, after about July 26. 

During the early part of the season the barley made very little growth on llA 
and this was reflected in the higher content of nitrates in the soil up to July 12. 
The low nitrate content of this soil for July 26 and August 9 appears to be 
accompanied by a low content on nearly all the other plots. Since the grain 
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was full ripe on July 26 and was harvested between that date and the end of 
the month, it could hardly be attributed to the withdrawal of nitrogen by the 
growing crop. 

The r ainfall during the months of July and August was heavy—over 14 
inches for the two months—and it is entirely possible that this may have kept 
the nitrates washed below the depth to which soil samples were taken. During 
Sq)tember and October when the amount of nitrate nitrogen was greater, the 
rainfall averaged only a little over two inches for the two months. It must 
not be forgotten, however, that the application of the fertilizer early in Septem¬ 
ber had something to do with the hig^r nitrate content at this time. Likewise 
the high average content of nitrates for May 29 is undoubtedly a reflection of 
the nitrogenous fertilizers which were applied to certain of these plots (no. 9, 
11,13,17 and 18) on April 9. 

The average nitrate content of the soil from plot llA was 7.33 parts per 
million which is neat to the highest average, the highest being 8.63 from plot 
18A, which receives annually a heavy application of manure in addition to the 
nitrate of soda. 

From November 8 to 25 there was a rather abrupt drop in the amount of 
nitrates for nearly all plots. As the first freering weather occurred about 
November 12 to 14, the lower temperatures from this time on would no doubt 
account for the lowing down of nitrification. 

The low average for 17A may be attributed to the fact that this plot receives 
rye stmw which furnishes a comparativdy small amount of nitrogen in a slowly 
available form. Plot 19A receives no nitrogen and here also the average is low. 

There is less variation in the amount of nitrate nitrogen in the soils from the 
limed than from the unlimed section, the average being not quite three parts 
per million if 18B be excepted. 

The use of lime and mineral fertilizers on 17B and 19B has encour&ged the 
growth of volunteer clover on these plots, and this undoubtedly accounts, in 
part, for the higher production of nitrates on these plots than on the corre¬ 
sponding unlimed plots. 

The hipest average nitrate content for both sections occurred on Scjitcm- 
ber 27 when the plots of the unlimed section gave an average of 8.45 parts of 
nitrogen per million and the plots of the limed section 9.61 parts per million. 
Two weeks later the average of the plots for the limed section was less than 
033e-third what it was on September 27. The reason for the high content of 
nitrates for the two samplings in September has already been referred to. 

NITRATE EOEMATION AND CROP YIEID 

As already pointed out plot llA diows a higher season average of nitrates 
found in the soil than IIB, and jret the yield of barley (grain) on the former 
for 1920 was approximately A, and the timothy hay in 1921, only J of that 
on the latter. 
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It is thus quite cleax that growtli was hindered by something else thnn a 
lack of available nitrogen, and that an acid soil does not necessarily inhibit 
nitrification. In an earlier publication (4) attention has been called to this 
latter fact. 

The yields for tire two crops arc shown in table 4. 

It will be noted that the yield of timothy hay on plots 9A and 9B, 13A and 
13B, and ISA and 18B do not differ greatly, although 18A and 18B receive 
about four times as mucli nitrogen every year as the others. From this it is 
evident that there must be a very great loss of nitrogen from these two plots. 

This excessive application of nitrogen tends to produce a hay or grain crop 
with a weak straw and in the case of grain crops, an over abundance of lesi 
and stem growth as compared with grain and consequently thire is a consider¬ 
able loss on account of lodging. 


TABLE r 

Yield of barley (i,rain) and timothy hay on ntdimed and limed plots 19Z0 and 1921 


PLOr NIIMSI R 

BAKU V, 1920 

UMOTHYHATf, 1921 


A (UnUrntd) 

8 (Linud) 

A (Unhmtd) 

B (Umed) 


Ihs, 


Ih 

lbs. 

7 

81 

568 

151 

650 

9 

1308 

1244 

2880 

2960 

tl 

56 

1360 

450 

3620 

13 

ltl2 

1240 

2700 

3000 

17 

864 

1340 

1580 

2120 

18 

1888 

2040 

2760 

3440 

19 

604 

960 

870 

1650 


During the spring and early summer of 1921 there was a very heavy growth 
of chick we({d on piot.s 18A and 18B, and this interfered very seriously with 
the growth of the timothy. It would appear that the abundant supply of 
nitrates is especudly favorable to tlic growth of this weed. It is tlius evident 
that an over-supply of nitmtes may have a distinctly <lctrimental effect. 

'I’lic low yields on plots 7A and 7B furnish a good illustration of how the 
yields go down on land that is continuously unmanured and unfertilized. It 
would ai)pear that the lime continues to aid in unlocking slowly available 
nitrogen and mineral plant foofl and thus the yield on the limed plot is kept 
consklerably above that on die corresjionding unlimed plot. However, the 
average amount of nitrates is very nearly the same on the two plots. 

It fa only a mailer of time when even the limed plot will fail to give a crop 
worth harvesting if the same treatment is continued. 

In the case of 17Ii tlic lime has apparently aided in breaking down the slowly 
available organic matter and this has resulted in a larger supply of nitrate for 
the crop, but as previously pointed out this effect may be apparent rather than 
red, and the larger crqi yield and higlier nitrate concentration may be due to 
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the volunteer clover which has been creeping in from year to year. On account 
of a deficiency of lime there is no tendency for volunteer clover to appear on 
the corresponding unlimed plot, 17A. 

SUMmRY 

Hydrogen-ion determinations on sampes of soil collected at intervals of 
two weeks, over a period of nearly 5 months, showed only slight variations in 
pH values for a given fertilizer treatment. 

On the unlimed section the pH values varied considerably according to the 
fertilizer treatment given the different plots; the variation was much less, for 
the same treatment, on the limed section. The pH values were quite con¬ 
sistently lower on the unlimed than on the limed plots. The lowest pH values 
for both sections were found on the ammonium sulfate plot, but the soil from 
the unlimed plot was much more acid than that from the limed plot. 

The plot having the lowest pH value throughout the period (11 A) shows tho 
highest lime requirement by the Vdteh method. 

The unlimed nitrate of soda plot (9A) shows a slightly higher pH value than 
most of the other plots in this section and a lower lime requirement (excepting 
the unfertilized plot, 7A). 

Those plots which gave a pH value of about 7 showed no lime requirement 
by the Veitch method. 

From the above it is concluded that for normal soils a determination of the 
pH values may be of considerable assistance in arriving at the amount of lime 
required for general fann crops. 

The bi-weekly nitrate determinations showed considerable variation as the 
season progressed, the lowest period being about the last of July and through 
August, just after the crop had been removed. 

The high resultss^obtained at the two samplings in September arc the result, 
in part at least, of the fertilizers which were applied on September 3 and 4, 

The averages for the unlimed plots arc, with some exceptions, higher than 
the averages for the limed plots. 

A high content of nitrates does not necessarily mean a good crop yield, there 
may be other inhibiting factors. 

Nitrates noay be found in considerable quantities in a soil that is so acid a.s 
to practically inhibit growth of ordinary farm crops. Such acidity docs not 
seem to inhibit the growth of crab grass. 

There appears to be a slowing down of nitrification with the approach of 
cold weather (freezing temperature). 

A large excess of available nitrates is likely to cause lodging of grain and 
hay, with a consequent loss in yidd. 
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A POSSIBLE CORRELATION BETWEEN THE FERTILITY OF RICE 
SOILS AND THEIR TITRATION CURVES 

0, ARRHENIUS 

From tite Trcuh Ldboraiory^ Buitomorg^ Java 
Rec^ved for publication August 31,1921 

In Java, as throughout the East, rice-culture plays a very important r61e, 
because rice is the essential food of the natives. However, the population has 
grown so rapidly that rice cultivation has not been able to keep pace with it. 
In order to increase the rice crop, several steps have been taken, such as cul¬ 
tivation by machinery at Sclatdjaran, (5) colonization of new land, and im¬ 
provement of old sawahs.^ New ways of meeting the situation are well 
worth trying, and these efforts were made with that end in view. 

The rice crop in Java varies from about 100 to 5 pikkols paddi per bouw, 
with an average of 25 pikkols per bouw for all of Java (that is, 2000 kgm. 
paddi, or 1000 kgm. rice per hcktarc). Soils giving less than 25 pikkols per 
bouw are considered bad. 

The causes of bad crops are either external as in the case of too much or too 
little water, or when the soils are improperly worked, or they are internal, as 
in the case of bad or unhealthy soil or those becoming easily infected. If one 
could ascertain the reasons for soils being bad, one could look for a possibility 
of improving them. 

It is not a simple condition with which we are dealing, but a complex of 
physiological and pathological conditions. Why docs a plant become dis¬ 
eased? In most cases it is because the plant lacks strength in one way or 
another. The basis of our work will be the fact that bad soils cause a weakness 
of the plant. 

Many authors (3, 7) have found that it is possible to classify soils into 
natural groujM according to the hydrogen-ion concentration, expressed in 
terms of pH values. Since the influence of the hydrogen-ion concentration 
upon the growth of plants is well known, the possibility suggested itself that 
some valuable information could be obtained in an attempt to solve the ques¬ 
tion of how rice soils become bad through an investigation of the hydrogen- 
ion concentration. 

Several soils of different types were used for this work. Ten grams of soil 
and 50 gm. of water were shaken and filtered. The pH value was determined 
colorimetrically according to the method of Gillespie (2). The results are given 

' A tswah a rice field under water. 
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in table 1 which does not show any correlation between the pH values and 
the various soils, except in two instances. The four most acid soils are bad and 
the five most alkaline are good. Except for those two groups there is no cor- 


TABLE 1 

The correlation between the crop productivity of rice soils and their pH values 


SOIL 

NUMBER 

LOCATION AND TVPB 

VRODUcnvmf 

RrACXK 


Madoeia, Sapoeloe. 

Good 

8.2 

5851 

Preanger, Djampangkoclon. 

Good 

8.1 

5085 

Semarang, Demak III... 

Good 

8.0 


Semarang, Demak Rimboelor. 

Good 

7.8 


Soerabaja, Lebo. 

Good 

7.8 

1961 

Soerabaja, Modjokasri. 

Bather bad 

7.8 


Madoera, Gedoengan. 

Good 

7.6 


Soerabaja, Kedamean. 

Bad 

7.6 


Soerabaja, Kedamean. 

Bad 

7.6 

6747 

Cheribon, Kantji. 

Bad 

7.5 

5087 

Semarang, Bempet. 

Bad 

7.5 

5856 

Preanger, Bjampangkoelon... 

Bad 

7.4 


Soerabaja, Lebo. 

Good 

7.4 

1957 

Soerabaja, Madjoeagong.... 

Good 

7.3 

1958 

Soerabaja, Bjabang Pandan. 

Good 

7.3 


Madoera, Manding... 

Good 

7.3 

6204 

Preanger, Tpawi. 

Bad 

7.3 

1959 

Soerabaja, Bjombang. 

Good 

7.2 

6751 

Cheribon, Nieuw Tersana. 

Good 

7.2 

6865 

Madicen, Blimbing. 

Medium 

7.2 

5086 

Semarang, Demak, Godung. 

Bad 

7.2 

6866 

Madioen, Tjaroeban. 

Bad 

7.2 


Semarang, Metes^. 

Bad 

7.2 


Semarang... 

Bad 

7.2 

6202 

Cheribon, Tjiamis. 

Good 

7.1 

5857 

Pasoeroean, Kerx)andjen. 

Good 

7.1 

2214 

Soerabaja, Lembangboe. 

Bad 

7.1 

2358 

Pekalongan, Tjomal. 

Ba^l 

7.1 


Madoeta, Baliga. 

Bad 

7.1 


Semarang, Soere... 

Bad 

7.1 

2361 

Pekalongan, Tjomal.. 

Good 

7.0 

2360 

Pekalongan, Tjomal... 

Good 

7.0 

1963 

Soembaja, Tengahan. 

Medium 

7.0 


BafAvia, Buitenzorg. 

Good 

6.9 

2359 

Pekalongan, Tjomal. 

Good 

6.9 

5084 

Semarang, Bonang. 

Bad 

6.9 


Batavia, Pondoktjina. 

Bad 

6.9 

1953 

Soerabaja, Madjosari. 

Good 

6.8 


Palembang, Salatjara. 

Good 

6.8 


Batavia, Bejpok. 

Bad 

6.7 

1573 

Bantam, Sadjpera. 

Bad 

6.7 

6203 

Preanger, Tjiea..... 

Bad 

6.6 


Palembang, Salatjara. 

Bad 

5.8 

1 


















































FBRTILITY OF RICE SOILS ANB TITRATION CURVES 


23 


relation whatsoever. Though these exceptions would seem of little impor¬ 
tance they encouraged the author to further investigations. 

After determining the titration-curves of various soils and finding their 
buffer-effect,® very distinct correlation between the buffer capacity and the 
productivity of the soil was found. As seen from the curves (fig. 1, 2 and 3), 
the soils which act as good buffers are also good soils for rice cultivation. But 
is the buffer curve a leading property of these soils or is it only of secondary 
importance? 

The rice plant, like many other plants, excretes carbon dioxide, and other 
substances which act as amphoteric electrolytes, i.e., they can act both as 
bases and acids. Decaying parts of the plants act in the same way. This 
was demonstrated by an experiment in which 14 rice-plants about 30 cm. 
long were transplanted into Erlcnmeyer flasks containing 75 cc. of a solution 
of a known hydrogen-ion concentration. The desired hydrogen-ion concen¬ 
trations were obtained by adding HCl or KOH so that a scries of pH values 
ranging from 3.0 to 9.0 results. The flasks were than placed in ordinary flower- 
I)ots covered with thick paper in which a hole was made, to that only the 
green parts of the plants were in the light. A corresponding series without 
plants served as control. At the end of one and two days, the pH volumes 
were determined in all the flasks. Then the solutions were renewed and the 
experiment carried on for one more day. The results are shown in table 2. 
It is obvious that the root excretions neutralized the acids or alkalies in the 
nutrient solution to a specific point, in this case pH 6.2. 

These excretions accumulate in the layer of the soil next to the roots, and 
this layer then acciuircs special properties different from those of the surround¬ 
ing soil. According to work begun by Dr. P. von dcr Elst on the root de¬ 
velopment of rice, several fads speak for this hypothesis. When one makes 
a cut through the soil and the root system of rice, there is seen around the 
roots a thin red la 3 'tT of more highly oxidized matter than in the surrounding 
soil. 

Tn soils with a low buffer content samples were taken partly from the soil 
surrounding the rice i)lant, partly from within the root system. The latter 
samples, when examined, had a lower pH value than the former. In one case 
a change took place from 7.0 to 6.7, anotlier from 6.9 to 6.8. It therefore 
seems as though the plant acidifies this root layer, which results, in the case of 
soils with a low buffer content, in a marked change of hydrogen-ion concen¬ 
tration. Miyake (6) and Daikuhara (1) pointed out that the rice plant does 
not like even small amounts of add, and the practical man knows that sawah 
rice docs not thrive in humus soils, i.e., add soils. Professor Aso of Tokio 
has kindly shown me a rather good rice soil (SO pikkols per bouw) which was 
very rich in humus. But its pH value was 7.0. According to a personal 

»‘‘flulTer dioft" is taken to mean the sofl’s capacity to take up various amounts of wM 
or alkalies without a sretit < hangc of the pH value. Some soils act as good buffers, some 
are bad ones. 
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letter from Professor Aso, green manure, and other materials rich in humus 
have proven very successful when applied together with lime. It seems as if 
the rice plant “poisons” the soil by acidifying it, but we see that this holds 
true only in soils which arc weak as buffers or have a too low pH value. This 
is indeed only a secondary factor. In the acid solutions the aluminum salts 
are held in solution, while in neutral solutions they arc precipitated. The 
aluminum ion has a very poisonous affect on rice (4). It is more probable 
that the disease is caused both by the low hydrogen-ion concentration and the 
aluminum. The rice plant becomes weak in such soils, and therefore falls an 
easy victim to different diseases. 


TABLE 2 

Jijfed of growth of rice plants in mil water on its reaction 


CULtURC 

ORXOniAX. SOLXmOK 

RBNCWCD SOLtnXOK 

Initial reaction 

After 1 day 

After 2 days 

After 1 day 

Control. . . 

WEM 

3.0 


3.0 

Plants. 


4.5 


5.0 

Control. 

4.0 

4.0 

4.0 

40 

Plants. 

4.0 

5.0 


6.0 

Control. i 


5.0 

5 0 ! 

5.0 

Plants. 

■■ 

6.0 


6.0 

Control. 


6.0 


6.0 

Plants. 


6.2 

6.2 

6.2 

Control. 

7.0 

6.9 

6.8 

7.0 

Plants.. . . 

7.0 

6.1 

6.1 

6.0 

Control.,.. 

8.0 

7,5 

7.2 

7.0 

Plants. 

8.0 

6.3 

6.2 

6.0 

('ontrol . 

9.0 

7.8 

7.5 1 

8.0 

Plants . 

9,0 

6.1 

6.2 

6.0 


What can be done to improve these bad soils? The question is hard to 
answer after mere laboratory experiments, but some suggestions can be made. 

By adding lime, the soil can be made more resistant to acid substances for 
several years. The best way to apply lime is to put on small quantities at 
different times. In that case, the lime has a better opportunity to react with 
the components of the soil and will not be washed away so much by the irriga¬ 
tion water. 

A bad soil, for instance the bad Demak, requires an application of about 2.5 
tons of lime per hektarc. assuming that the soil is worked to a depth of 20 cm. 
and that the soil, when dried at 100®C., has a volume weight of 1.5 and that it 
shall then have the same reaction as the good Demak. 
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However, in order to make the soil good for a longer period of time, a buffer¬ 
ing substance must also be added. The best and cheapest is a good green 
manure crop. I am aware that much is said against humus, for, “Sawah 
rice can’t be grown on soils rich in humus.” But nearly all humus soils in 
Java have an acid reaction: only one out of thirty soils examined was alkaline, 
and this due to the fact that the place where it was found was rich in lime. It 
would seem therefore that it is the acid reaction which prevents rice from grow¬ 
ing and not the fact that the soil is rich in humus. The soil which professor 
Aso showed me, mentioned above bears out this conclusion. By adding lime 
to the humus one can have a good buffer substance of the right reaction. 

I take the opportunity of thanking Dr. T. von der Elst, Mr. T. T. White, 
and Landbouwleeraat Vink for their friendly help in taking soil samples and 
for their many suggestions. 
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A TENTATIVE OUTLINE OF THE PLATE METHOD FOR 
DETERMINING THE NUMBER OF MICRO¬ 
ORGANISMS IN THE SOIL 

S. A. WAKSMAN 

New Jersey Agricultural Experiment Station 
AMD 

E. B. FRED 
University of Wisconsin 
Recdved for jmbliatloii July 20, 1022 

At the last mectinp; of the Society of American Bacteriologists (December, 
1921), a group of soil bacteriologists came together in an informal way to dis¬ 
cuss problems relating to the desirability of developing standard methods to 
be used in soil bacteriological work and to bring about a greater cooperation 
in the investigation of soil bacteriological problems. A committee was ap¬ 
pointed, consisting of Dr. S. A. Waksman of tlie N. J. Agricultural Experi¬ 
ment Station, and Dr. K. B. Fred of the University of Wisconsin. 

In view of Ure fact tliat the methods used in soil bacteriological work vary 
with almost every laboratory where that work is carried out, the committee is 
proi»osing to examine the various methods with the idea of bringmg about a 
uniformity of the methods leading to a better understanding of the results 
obtained. Suggestions will be appreciated. Correspondence may be ad¬ 
dressed to either member of the committee. 

The committee is here imposing a tentative outline of tlie methods to be 
us«l in determining the numbers of microiirganisms by the plate method. 
Every .soil Iwcleriologist is urgwl to .submit these methods to a comparative 
test with the metluMls us(‘d in his own laboratory and give tire committee the 
benefit of his results and opinions. 

I, ('niluremedia. 

1. Comirositirm of media for determining numbers of bacteria and 
actinomycctes. 

(a) Sodium albuminate agar. 1000 rc. distilled water, 1 gm. dextrose, 
0.5gin. EJIPO 4 , 0 . 2 gm. MgS 04 * 7HiO, trace of Fci (SUi)<> 0.25 gm. egg- 
albumen dissolved in 0.1 iV NaOiT to make alkaline to pbcnolphthalmn, 
15 gm. agar. 

(b) Sodium caseimte agar. Same as albuminate agar, except that 1 gm. 
of casein dissolved in S cc. of 0.1 iV' NaOH is used. i:iui casein should be 
made accordbg to Ilammarsten or Van Slyke method. If nutrose (sodium 
caseinate) is used, no neutralization is necessary. 
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(c) Soil exiract agar and gelatin. 1 kgm. of good fertile soil is heated with 
I liter of tap water for 30 min. in the autoclave, at 15 Jhs. pressure. The 
turbid liquid is then poured oH, a little talc is added, and the liquid filtered 
through a double folded filter paper, to obtain 800 cc. of filtrate, 'I'o mtike 
up 1 liter of medium, 900 cc. of distilled water, 100 cc. of this extract, 0.05 
per cent K 2 lirOi, and ISO gm, of Gold Label gelatin arc used. 5 gm. NaCl 
may be added per liter, to prevent the spread of liquefying colonies. If 
agar is desired, add IS gm. instead of the gelatin. 

(d) Other media. 

2. Reaction of media—The reaction of the media should be carefully 

adjusted to about pH 6,8. During sterilization this medium may 
become more acid. After last sterilization the pH should be 
about 6.5. 

3. Preparation and sterilization of media. 

4. Media for tlie study of the number of fungi in the soil: 

Synthetic acid medium: 1000 cc. distilled water, 10 gin. dextrose, 5 gm. 
peptone, 1 gm, KH 2 PO 4 ,0.5 gm. MgS 04 ,1000 cc. of distilled water, add acid 
to adjust pH to 4.0, 25 gm. agar. 

n. Sampling of soil and preparation of dilutions: 

1. Number of soil samples to be taken: large composite samples of soil 

thoroughly mixed; at least 2 or 3 mixed samples should be used. 

2. Number of plates to be used for each soil sample: at least 5-10 plates 

for each final dilution. 

3. Number of colonies allowable per plate {final dilution): 50-150; the 

numbers obtained by the final dilutions should check within 
10 per cent. 

III. Incubation: 

1. Temperature of incubation: 28-30®C. except in the cast* of gelatin. 

2. Period of incubation: at least 8 to 10 days for bacteria; 14 days for 
actinomycctcs; 2 to 3 days for fungi (special medium). Incubate 
plates under bell jar or tin cans to prevent evaporation. 

IV. Counting of plates 

V. Mathematical interpretation of results 

VI. Maximum error to be allowed for an accurate count 
VII, Types of colonies on the plate; Molds, Actinomycetes, Yeasts, Cbromo- 
genic forms, MycoideSf Fluorescent, B. suhtilis, B. mtlgatns, 
B. coli, etc. 



MOVEMENT OF LEGUME BACTERIA IN SOIL' 
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A Study of the amount and rate of movement ol legume bacteria in soil is 
of practical importance from the standpoint of inoculation. It would at first 
seem probable that the successful inoculation of most of the legume plants 
throughout a field would mean the subsequent inoculation of the remaining 
plants in the field. If this were true, a very light inoculation of a field or of a 
lot of seed would be almost as cfioctual as a heavier inoculation. In practice, 
this has been found untru(‘, for in field tests where inoculated and uninoculated 
plants are grown in adjacent rows, the uninoculatcd plants rarely show nodules. 
Then, after the nodules have broken up and decayed, there is tlie question of 
how much and how fast the legume bacteria will move through the soil. 

"I'liat the soil is uu elTe< live filter for removing organisms has long been establishedj and 
tlic fact is made use of in water tnirillcafion. This illtcrbg action is particularly noticeable 
where the soil about a legume is inoculat<‘<l nt the surface witli a suspension of the proper 
legume bacteria. 1 n t his case only the upper |>art of tlic root system produces nodules. This 
was observed as cxirly as 1892 by Nobbe, ct al. (1) and has been often observed by the writers. 
1'hesc investigators also inoculated sjuid at a depth of 8 inches and found that only the 
deeper roots were inoculated. 'Pheir conclusion was that legume organisms do not diffuse 
readily through the soil. ITunler (2) showed that this filtering effect varied with the kind of 
soil and the depth of the soil. 

Kellc*rman and Fawcett (3) worked with radhlcQk^ Ji. ochroccMs and a paracolon 
ism in sterilized fuvonihle soils saturatixl with water. I'hey observed that the organisms 
progressed horizontally at the rate of alwut 1 inch in 48 hours. In l«irely moist soils the rate 
of movement <tf H, radkitola was reduced to alxnit t inch in 72 hours. These cax'prinicnts 
w(*re condu( ted at a temperature of 25”C\ When tlic tcmi)eraturc was 10®C. the rate of 
progress of /t, mittUoUt \\as only aliout 1 inch in .-I <lays in satunited soils. 1'he proftress 
was assumed to 1«‘ due to growt h of I lie orjninisms. 

Ilnll (4) planted Ikk teria fuv alfalfa and bur tlover seeds in bosses of sterilized soil. The 
soil was watered by a tube that lan full length along the bottom of the l)ox to avoid water 
airrcnts as much as possible. 'I'lie soils weic in<K ulated at one cud of the bows with a sus- 
])ension of legunn* I so teiia, made by ciushing nodules of alfalfa or Imr clover in water. 1 fe 
concludes that /b mihtioht diffuses through the ^oU, if the soil has the proper moisture con¬ 
tent. He suggests tliat the movement is due to <urrcnts in the soil water, aided by the 
motility of the organism and its nipid proliferation, lie agrees \vilh Kellcrman that the rate 
of movement is aliout 1 ineli in *18 hours. Fiom a group of similar experiments Hunter (2) 
drew prartuully the same (omlusions: that the movement of legume Ixicleria in soil is 
chielly a result of waliT currents. I ie agrwd willi Kellcnuan and Fawcett that a high mois¬ 
ture content in tlie soil was ne< e isiiry for an appreciable movement of the legume bacteria. 

^ Published with the approval of the Dirwtoi the Wis'onsin Agricultural Kxperiment 
Station, Madisvm, Wistousin. 
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In the experiment outlined below the apparatus was modified so as to cut down to a still 
greater extent the movement of soil water. 

T?wd galvanized iron boxes 24 x 7 x 7 inches %vcrc filled with 5 inches of limed yellow sand. 
Each box was divided longitudinally by a metal wall, the lower part of which was peiforatcd. 
This divided the box into a main compartment in which the i)lants were grown, and a small 
side compartment, used to receive the water or nutiiciit solution for tlio soil. This side 
compartment was also filled with fine sand. Hence all the water hcfoio it lic<l the plants 
passed through 6 inches of sand and the perforated division wall. Boxes and sand were 
heated in the autoclave for 2 hours at IS pounds, pressure. Soybean seeds w'orc ticaledwith 
mercuric chloride. In box 1 eiglit mammoth yellow soybean seeds were planted at (h or 
7-mch intervals; and in box 2 nine soybean seeds were planted at similar intervals. Six days 
later, when the seedlings had just begun to leaf, an area which extended from the end of the 
box to the stem of the first soybean plant, vritliin the partition, was inoculated with a heavy 
suspension of soybean bacteria, a mixture of four tested strains. Thus in box 1 tlio area wet 
by the inoculating fluid extended S inches from the end, in box 2, 6,5 inches from the end. 

Thereafter the sand was kept at approximately three-fourths saturation by 
watering into the smaller side compartment. Thus, the water entered the 
larger compartment from the side and below, reducing the possibility of the 
legume bacteria being transported down the length of the box by water cur¬ 
rents. Hopkins and Pettit nutrient solution was also added in tifciis way. 

Thirty-five days after inoculation the sand was carefully washed from the 
roots of the soybean plants, with special precautions not to change tlic arrange¬ 
ment of the roots. As each layer of sand was washed off, the newly uncovered 
roots were examined for the presence of nodules. In this way the exact i>osi- 
tion of all the nodules was ascertained; and in particular the position of the 
nodules farthest away from the place of inoculation was noted. Similarly, 
after 54 days the sand was washed from the roots of the plants in box 2. 

In both cases the roots of the first four plants had nodules, wliile the roots 
of the remaining plants had none. The .striking thing, however, was that in 
both boxes all nodule formation had taken place within a 8]iari)ly defined 
zone which included the soil within 6.7 inches from the inoculated end of the 
boxes. Within this 6.7 inchesall the roots were well inoculated; beyond the 6.7 
inche mark there were no nodules oven on roots of the same plant, 'rius is 
graphically shown in the accompanying photographs of the second, third, 
fourth and fifth plants in a box. The roots arc arranged just as tlicy wea* in 
the soil. The roots of the second plant were entirely within this inoculated 
area and showed an even distribution of nodules. The roots of the third plant 
were only half within this area and have nodules accordingly. Two roots 
from the fourth plant passed the lop root of the third plant and reached into 
the inoculated area and had nodules where they entered that area. The 
roots of the fifth plant were aU outside of the area and hence had no nodules. 

This would mean then, that the legume organisms had travelled or been 
carried at the rate of about 0.1 or 0,2 inch per day in this experiment. 

This work, then, substa n t ia tes that of the investigators cited above, and 
diows that where the movement of soil water is minimized the rate of 
movement of the legume bacteria as found is still less than that previously 
determined. 
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A field test at this station has demonstrated on a large scale the slow rate of 
movement of legume bacteria. A small plot of virgin soil on the university 
farm was planted to Ito San soybeans. The surface of the plot was far from 
level, with a decided slope towards one end. The soybeans were planted in 
hills, 3 feet apart in each direction. It was arranged so that inoculated and 
uninoculatecl beans wert' sown in alternate hills. In one row the inoculted 
seed were planted in tine hills of even numbers, while in the adjoining row the 
odd numbers were planted witli the inoculated seed. The diagram shows the 


scheme followed in planting. 
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Inoculation was accomplished by applying directly to the seed a pure 
culturt' of bacteria. The treated .see<l was sliown as soon as possible ^ter 
inoculation. 

Almut three months after seeding, just as the pods were formed, several 
plants from various parts of the plot were dug up carefully and examined for 
nodules. In every case, roots from the inoculated hills were thickly studded 
with noduleii, while those from the untmatod hills were free of nodules. Only 
one exception was found; here the uninoculated roots showed one or two 
notUiles. When examined again two weeks later the effect of inoculation on 
nodule production was even more pronounced. 1'he untreated jrlants were 
without notiuk's. Although but one experiment has besen made, it seems safe 
to amclude that in soil of this Miami silt loam tyjre, soybean bacteria spread 
slowly if at all through soil, unless carried by the host plant or by wind, 
rain, etc. 
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INTRODUCTION 

The studies made by Lipman, McLean and Lint (10, 11) on the effect of 
oxKtotion of sulfur in soils upon the solubility of rock phosphate led to the 
positive conclusion that the method of composting rock phosphate with sulfur 
amid be made practical and moreover would have an advantage over the 
ohl methods of making phosphoric acid rapidly available for plantfood. 

Ill ronfinuiiiK their exiK-rimems they concluded that mixtures of soil, rock phosphate and 
su ur or ants pjrown in pot cultures comiKiro favorably in value with commercial products. 

. mce then several invistigators have conducted experiments in the same fidd, 

he pur|^)seof the N\ork of Lipman and his associates at the start was to produce a compost 
mixture wliuii could easily be made !)y farmers. As soon as Ial>oratoiy experiments are 
>rougnt to the farm a number of dinicultics arise, such as methods of mixing, the optimum 
wulcr<‘ontent of the comimsts during inculmion, proportion of soil, temperature, and the 
length of time recjuirefl lH*forc the mixture is ready for us 4 ‘. When such general laboratory 
experiments are I«nng duplicated in the factory still more pioblenis have to be solved, which 
<Io not concern the workers in the Agricultural Kxj^eriment Stations. 

One of the main problems is the lime required before the cultures bej^n to make the tri- 
< al< luni phospliaf e availilile for phmt fowl. McLean found in bis best cultures that after IS 
wei'ks small amount h of phosphoius became available. 'I'he recently rejjorted experiments 
by and Jotfe (0) show, however, that under favorable conditions, as an abundance 

of sou, high initial m iflity of the soil ummI, ex< cic. of sulfur, and rather higli temperature this 
tune may be conHideiablv r<‘<lu<ed. 'lo duplif ate these favoralde conditions on a large scale 
a iiumlw*r of diflu ullies have to be oven ome. 

idndcl am! !inino i^) <|tmbte<l that sulfur <»\idiV.ing organisms in compost mixtures of 
rock phosjihate, Hullur and .t niAunv/n ‘»oil could piodmc suni<icnl acid to dissolve the 
phiwphatcs, for *^lhc ;u id lonncd would bv pieference uitai k the calcium carbonate and not 

M*aper No. <XI o< tlie Jiminul Seiici, New^ Jersey Agruulluml Kxperiment Stations, 
Department ol Soil ('hemisiiy and JUcleiioloitj’. Thii (>aper will appear in RuTcacRS 
OM.bK0K Stiiixis, Vol. L 

* Pnit of ,i lliesis suhiniilcd to tlu* f,t< ully of Kuti;i*rs ('ollege and the Stale University of 
New JerM\y in partial lulhllment of the re<puieinen1hfnr the degree of I )m*for of Philosophy. 

The writer wMie> tti c^piesH hcie Ids llmtiks to Dr. J. (L Lipman for the opportunity to 
carry on thc’ie studicsin | e, !<» Dr, llelbronner, foimerly chef de Inlioratoire in the 

Sorlionne Universit v ,rt i*ari^ lor IiIm r oidinl encourag<‘menlH Ihrrmghout the i>eriod of investi* 
gallons* a»«l to \loiwi|i||f |. Oavrlle, Diier tenr lie la lalmratoircde i^‘clien‘he« des fitablisse- 
ments Kuhbnaim .\ Paris (ur the help remieicd inanalyring the numerousHarnplos, 
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the tri-calcium phosphate.” The opportunity has been given to the writer to make a study 
of these and otier problems in France where the greatest part of the soils are calcareous. 
Later (13) it was found that sulfur organisms would oxidiize sulfur in the presence of 
“alkali” salts. 


PURPOSE OP TItE WORK 

The work undertaken dealt mainly with the problem of how to reduce the 
first part of the incubation period in mixtures of soil rock phosphate and sulfur 
mixtures before the phosphorus becomes available when a calcareous^ slightly 
alkaline soil is used, and of reducing the amount of such a soil in the mixture to 
a point which would make the process practical in the factory. 

A study was made of the following factors: 

1. Influence of temperature on the activities of the sulfur-oxidizing organisms. 

2. Influence of light. 

3. Partial sterilization of the mixtures. 

4. Effect of stimulants. 

5. Initial reaction. 

6. Aeration. 

7. Replacement of sofl by other substances as a source of nitrogen. 

8. Reduction of the proportion of sulfur in the mixtures. 

MTHODS 

The composts were made by thoroughly mixing air-dry portions of soil, rock phosfflmte, 
sulfur, and other materials used, if not otherwise staled, and were then placed in tumblers 
covered with glass plates. Each compost was weighed and Uie water-holding capacity <letcr- 
mined on portions of it according to the Hilgaid (6) method. Sample.^ were w'c'glicd (mt and 
the rdative acidity, hydrogen-ion concentration and citrate-soluble phosphoric atP deter¬ 
mined. The mixtures were then inoculated with soil c.riract Imown to contain the sulfur- 
oxidizing organisms. The compost mixtures were incubated at 30T. and at laliont< ry 
temperature. Daily records taken of the room temiwrature .sbowad a fluctuation of the 
temperature between 10®C. and 21®C., the average tempemturt' being 'I’he (orniwsts 
were kept at 60 per cent of the water-holding capacity tl'rouglioul (he ixuiod of incubation. 
The amount of water lost by evaporation, determined by ]>lacmg the tumbles on the wait* 
pan, was added once each week to the comiwsts k<*j)t at room-tempcTaturc' an<I twice each 
week to the composts inculxited at 30*^C, Each time, after the wsilor was addc<l, the mix¬ 
tures were removed fi-om the tumblers and thoroughly mixed to provide for sunichml miration, 
and to break up tbc small aggregates formed. 

Citrate-soluble phosphoric acid was determined by sifting tlic air-dry sample through a 
SO-mm. sieve. Two grams of this material was finally ground in a cobalt mortar witli a 
total amount of 80 cc. ammonium dtratc (400 gm. per liter), decanted into a 200-r(\ flask 
under repeated grinding. The remainder of the material in the mortar ^vus washed into the 
flasks with distilled water. The stoppered flasks were sliakcn and left standing for IS hours 
at room temperature. They were then kept for 1 hour on a water bath at 40®C., cooled, 
made to volume, diaken and filtered. An aliquot portion was precipitated with jMgNlLCl, 
and wadied five times with ammonia water (4 per cent). The filter with contents was left 
standing for a few hours to dry, transferred to a platinum crucible, ignited (placed at a blow 
flame till weight was constant), cooled and weighed as MgaPiOr. 

The relative acidity was determined by transferring an air-dry weighed sample to 200<c, 
flasks with 160 cc. of boiling water, thoroughly shaking every 5 minutes throughout a period 
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of 2 hour, cooling flasks and contents, restoiing volume and shaking again. After settling, an 
aliquot was drawn oQ., boiled to expel carbon dioxide, cooled and titrated with SO N sodium 
hydroxide. Phenolphthalein was used as indicator and the liquid titrated until a faint pink 
color remained. The results in the tables, however, are given as 0.5 normal sodium hydroxide. 

The water extracts for the determination of the liydrogen-ion concentration were pre¬ 
pared according to the method of Gillespie (S). "Fhe hydrogen-ion concentrations as expressed 
in pll values of the extract were determined by the colorimetric method as recommended by 
Clark and I-.ubs (.i). Duplicate determinations of the hydrogen-ion concentrations, but not 
of relative acidity nor of the phosphoric acid were made, except when the results did not 
agree with the constiuctcd curves for the relation between acidity and available phosphoric 
acid. 

From time to time sulfate determinations were made to check up with the relative acidity. 

PLAN OF EXPERIMENT 

Several sets of experiments were arranged in a similar way and according to 
tlie following plan: 

The piopoitions of the mixtures wcie: 

too gnu boil 

120 gm. sulfur 

400 gm. lock phosphate 

Soils used w CIO slightly alkaline, calcareous clayey silt loams; the water extract requiring 
of 2-4 cc, 50 N hydro< hloric acid per 100 gm. for neutralization and having pII values of 7.1 
-7.(5, These soils were poor in organic matter; and their water-holding capacity was but 24 
and 26 per cent. 

"I'he flowers of sulfur were from the Italian mines. 

The rock phosphate used was I'unisian rock containing 25.99 per cent of total phosphoric 
acid and 56,79 per cent of total tri-calcium phosphate. 

The watci-holding capacity of the soil-sulfur-rock phosphate mixtures was 20 and 22 per 
cent. 


EXPERIMENTAL RESULTS 

Series /, Influence of lights temperature and peptone 

Until the experiments re{>orted below were begun nothing was known about 
the influence of U‘mperatur(‘ on the production of available phosphoric acid. 

Since then Shedd (16) has r(*portcd greenhouse experiments on Ujc availability of phos- 
t)horic acid in compost mixtures and he concludes from his study that liigh temperature 
exetts a decided influence on the sulfate production and the available phosphorus. 

McLean (12) states that when peptone was added to the mixtures ‘^sulfur was largely 
transformed into sulfites.'* Tie laid emphasis on the fact that peat, manure and peptone 
slwuld not be added to the mixtures for corniest is more efficient in the absence of large 
amounts of organic materials.** Brown and Gwinn (1, p. 369-389) showed in their experi¬ 
ments tliat more available phosphoric acid is produced where manure is included in the 
compost. Ellett and Harris (4) in their recently published work came to the same conclu¬ 
sion. It should be mentioned here that McLean used soils with sufficient organic matter, 
especially where he used rich greenhouse soils. 

In earlier work it was demonstrated by several investigators that various soil types are not 
aliko in their ability to render rock phosphate soluble. At the suggestion of Dr. Lipxnan 
compost experiments were carried on in different localities with difierent soil types. Aside 
from tlic “jiower** of soils to produce sulfates* which according to the results obtained by 
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Sliedd (IS), EUett and Harris (4), and Brown and Kellogg (2, \h 49-111) varies with the soil, 
the addition of peptone to a soil poor in nitrogenous material (ould therefore throw light upon 
the problem of whether or not nitrogen in suflVient quantities is necessary for the activities 
of the sulfur organisms. 

The experimental results of this series consist of the citrate-solubU* phos¬ 
phoric acid made available during an incubation jx'riod of 22 w(*<‘ks, the rela¬ 
tive acidity produced, and of the hydrogen-ion concentrations of these mi\- 
tures expressed in pH values at definite intervals during this pcriotl. 

In order to determine what the effect of light on the activities of the sulfur 
organisms might be, two sets of quadruplicate tumblers were placed on a 
laboratory table and two similar sets were kept in a dark closet underneath 
the table. To dupUcates of these sets was added peptone ec|uivalenl to 3 


TABLK t 

Infincncc of temperature, light and organic material on the prodlution of acidity and availatdf 
phosphoric acid in < mnpoU mixturci^ 




INITIAL m IT^RUINATIONS 

A«i>K 22 1 

NUUBFR 

TRXAXUlkKT 

Reiction 

C'itratp^ 

soluble 

PiOi 

Roartion 

(ttraf# 

• oluhli 
roi 

1 

In darkness, laboratory temperature. 

ati,, If.* 

0 04 

i 

7.2 

i^eefUf 

0 0 

«.* 

73.3 

4.8 

0 to 

2 

In darkness, laboratory temperature, 3 

0.04 

7.2 

0 0 

220.7 

3.0 

9 <1 

3 

per cent peptone. 

In light, laboratory temperature. 

0.04 

7.2 

0.0 

45.8 

4.9 

0 31 

4 

In light, laboratory temperature, 3 

0.04 

7 2 

0 0 

193,2 

3.1 

8 72 

5 

per cent peptone. 

In darkness, 30^C. 

0,04 

7.2 

0.0 

132,1 

3.2 

5 ?4 

6 

In darkness, 30®C., 3 per cent i>eptone. 

0.04 

7.2 

1 

0 0 

278.0 

3.0 

18 92 


* AlkaHnity expressed in cc. of 0.5A^ 11*804 
t Total P*0« content in mixture was taken as 100 per cent. 

Acidity expressed b cc. 0.5 NaOH required to neutralize 1(X) gm. air-dry t c»mix)» t. 


per cent of the soil mixtures for the purpose of studying the influ<‘nee of nil ro- 
genous matter. Two other dui)licate sets were placed in an incubalc»r at ,^0* (\ 
of which two mixtures received in addition a similar proportion of jx^ptorns 
The results obtained at the end of 22 weeks are given in tal)l<* 1, 

The relative acidity, hydrogen-ion concentration and availal)le phospltotic 
add increased in all cases regularly, which when plotted form<‘cl similar curves. 
The quantities of acids or add salts increased continuously, but the int<‘iisity 
of the add as indicated by the pH values remained the same after a certain 
point was reached, the acid being neutralized by the tri-calcium phosphate. 
If more sulfur had been applied the strength of the acid produced would pre¬ 
sumably have been greater, but since only a small theoretical excess of .sulfur 
was given and the cultures were not carried on till greater amounts of tri- 
caldum phosphate were made available, the pH values rcmairuMl at from 2*9 to 
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3.0. Deteminations of hydrogen-ion concentrations made at the end of every 
week showed slight differences from week to week in pH values, namely, 2.9 
to 3.2. 

The influence of temperature was very marked throughout the time of 
experimentation, the higher temperature causing a much higher relative 
aculity and consequently producing more available phosphoric add. Even 
in the mixtures to which peptone was added the accumulation of solublcPjOs 
was twice as great when the compost was incubated at SO^C. (No. 6) as when 
they were incubated at room temperature (No. 2). 

The nitrogenous material introduced in the form of peptone in this calcar¬ 
eous soil which was poor in nitrogen, had a still greater influence. Culture 
5 kept at 30®C. had, after 22 weeks, but 5.2 per cent of the total P,05 made 
citrate-soluble and had accumulated an acidity equivalent to 132.1 cc. 0.5 N 



[ndiunicc of tempemture uixm the iIiauKU ot hydmgcn-ion i-o&cuntiation and accumula^ 
tion of acidity and availuldu phosphoric add. 

NaOn per 100 gin. mi.\lure, while culture 2 kept at room temperature and to 
which peptone was adiled showed 9.3 per amt of the total PjOs made available, 
ami an acidity cciuivalent to 220.7 cc. 0.5 N NaOH. This explains at the same 
time why additions of manure in certain cases, as found by other investiga¬ 
tors, render more phosphoric acid available. The sulfur-oxidizing organisms 
need a certain quantity of nitrogen to carry on their activities. The source 
of tlic nitrogen docs not necessarily have to be of an organic origin as is shown 
in another iiart of this study. Wlicn the amounts of nitrogen in the soil ate 
sufficient, lulditions of nitrogenous materials become detrimental as is pointed 
out by McLean. 

From tills serias it is evident that calcareous slightly alkaline soil does not 
inhibit the activities of the sulfur-oxidizing organisms either from attacking 
the Iti-calcium jihosphate or transforming it into a soluble form as had been 
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supposed by Lindet and Bruno. In all cultures there was an accumulation 
of sulfates as expressed in terms of acidity, even in the cultures kept in the 
light at laboratory temperature and without additions of peptone. 

The influence of light was noticeable although not very pronounced. Dif¬ 
fused light in factories might be somewhat detrimental, but presumably 
very slightly if conditions were more favorable than those prevailing in this 
experiment. 

From a number of cultures, curves were constructed to bring out the rela¬ 
tion between the accumulation of acidity, pH values, and quantities of soluble 
phosphoric acid produced. These relations are shown graphically in figures 1 
and 2. The curves in figure 1 are constructed from mixtures incubated at 
toom temperature, and the curves of figure 2 for the cultures incubated at 
30®C. These two sets of curves show clearly the influence of temperature 
upon the activities of the sulfur-oxidizing organisms. Cultures incubated 
at room temperature accumulated acidity and consequently changed the 
hydrogen-ion concentration very slowly during the first weeks, but cultures 
incubated at 30®C. commenced to change the reaction of the mixtures instantly 
at the beginning of the incubation period, the rate of accumulation of acidity 
decreasing in the same way when a certain point is reached both for the cul¬ 
tures incubated at room temperature and for those incubated at 30^C. That 
part of the curve represents the point at which most of the phosphorus be¬ 
comes available. The curves of figure 2 show that the amounts of free acid 
increased with the increase of the temperature. 

Series 2. Stimulation 

In the work reported by McLean (12) a number of salts and organic substances \v(*rc 
added to the compost mixtures in order to determine which salt or sub'^tance would <*xc‘rt a 
stimulating action on the sulfur oxidation processes. He found that all salts used, cxi'cpt, 
under certain conditions, ferrous sulfate and aluminum sulfate and a comY^inution of the two 
salts, had no influence on the production of available phosphoric acid. Since sulfuric ai id 
and acid sulfates arc produced by the organisms it was thought that small amounts of 1)< 
added at the beginning would possibly stimulate their activities. 

The soil used in this series consisted of an equal mixture of two (li(Tc‘r<Mit 
fine calcareous silt loams, which were slightly alkaline, their water extracts 
having pH values of 7.4 and 7,5. 

In one series the sulfuric acid was added before the mixtures were inocu¬ 
lated with the soil infusion and in another scries immediately afterwards. 
The two series checked very dosely and the results obtained from the first 
axe given in table 2. At the end of the first week peptone equivalent to 3 
per cent of the soil used was added to all series. All mixtures were incubated 
at room temperature. Determinations of addity, hydrogen-ion concentra¬ 
tions and dtrate-soluble PaOg were made at the end of every three weeks, 
but only the data obtained at the beginning and at the end of 18 weeks are 
induded as representative figures of this series. 
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During the first eleven weeks cultures 1 to 7 particularly seemed more or less 
stimulated by the treatment as compared with the check cultures, but they 
were gradually overtaken by the checks in acidity accumulation, till after 18 
weeks several of the cultures were behind the checks. Cultures 2, 3 and 4, 
however, had at that time a still higher degree of acidity and also more avail¬ 
able phosphoric acid than had the check cultures. From these and other 
e.xperimcnts, the conclusion can be drawn that when a fine calcareous silt 
loam is used, H 2 SO 4 exerts a stimulating influence during the first part of the 
incubation period if quantities of approximately 7 to 10 liters (52° B 6 ) per 
ton arc iised, but depresses the activities of the sulfur-oxidizing organisms when 
larger amounts are added. 

Several salts were tried out in the earlier work by McLean as possible 
catalytic agents. Some organic acids and two different acid salts which 


TABLE 2 

Injluetice of sulfuric acid iv compost mixtures when a fine calcareous alkaJine soil is used 


NtlMBTR 

1.0iVlIjSO4 

APPLII n PI R 
100 Gii. or 
MIXrUKC 

INITIAL DETr.RMlNATlONS 

AriXR 18 WELKS 

Riaction 

C'ltratc- 
solublc ViOt 

Reaction 

Soluble PtO* 


cc. 

alk., cc,* 

pu 

per cenlf 

cc,* 

PB 

percent^ 

1 

1 8 

0.05 

7 A 

0.00 

140 4 

3.6 

9.65 

2 

3,8 

0.04 

7.1 

0.00 

165.5 

3.5 

10.40 

3 

S.8 

0.06 

7.1 

0.00 

197.3 

3.4 

12.10 

4 

6 8 

0.01 

7.0 

0.00 

160.2 

3.2 

11.41 

5 

7.8 

0.00 

6.9 

0,10 

126.1 

3.5 

9.15 

6 

9.8 

O.Ol 

7.0 

0.08 

90.6 

3.6 

8.80 

7 

11.8 

0.00 

6.8 

0.93 

87.4 

3.6 

7.17 

8 

13.8 

0.02 

7.0 

1.13 

78.4 

3.6 

4.65 


None 

0.04 

7.2 

0.00 

147.8 

3.3 

9.98 


* t * Same aa table 1. 


suggested themselves for several reasons had not been employed. As organic 
add for our experiment acetic add, which could possibly lower the alkalinity 
of the mixtures, was chosen and tus acid salts, sodium bi-carbonate as a 
possible source of carbon di-oxide and sodium bi-sulfite. 

These constituents were added in small quantities to mixtures as previously 
described, but no additions of sulfuric acid were made. Treatment of the 
mixtures and the results obtained after 12 weeks are reported in table 3. 

Addity and hydrogen-ion concentrations were determined at the end of 
every two weeks, but are not reported here since these data were merely used 
in checking up the procedure of the process of sulfate production. 

The cultures to which acetic add was added ran in duplicate very inconsist¬ 
ently, but no stimulation could be noticed. 

There was a gradual inaeas of addity in all mixtures, but although a high 
relative addity was reached in cultures 5, 6 , and 7, the intensity of the acid 
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produced as indicated by the low hydrogen-ion concentration seemed less. 
Nevertheless, a marked stimulating effect was to be noticed throughout the 
entire period of the experiment in the production of acidity and citrate- 
soluble phosphoric acid. This might have been due to a production of CO 2 
(probably needed by the sulfur organisms for greater acitivity) when other 
bacteria were depressed to a high degree in these acid media. 

The cultures to which sodium bisulfite in solution was added as well as the 
cultures with acetic acid were behind the checks. The influence of NaHSOs 
was depressing rather than stimulating for these soil t 3 Jpes. 

Two series of cultures were made up of the same constituents as described 
under scries 1, and kept at toom temperature, one in light and the other in 


TABLE 3 

Influefice of acetic add and sodium bicarbonate and sodium bisulfite in composts kept at room 

temperature 


enruDGK 

TRCATMLNT 

INmAlRTACTlON 

AriLR 12 WFI 

RIM Troy 

fKS 

('itwlo- 

ROiublc 

PiO# 



rr,* 

tri 

cc.“ 

tit 


1 

None. 

0.04 

7.2 


3.3 


2 

2cc, l.ONCHjCOOH. 

0.02 

7.1 

71.4 

4.8 

0.83 

3 

6cc.l.ONCH,COOH. 

0.02 


75.8 

4.1 

6..14 

4 

10cc.l.ONCH,COOH . 

0.01 



4.1 

4.32 

5 

0.01%NaHCO,. 

0.06 

7.3 

187.9 

4.8 

13.<4 

6 

0 02%NaHCOs. 

0.05 

7.2 

186.9 

4.7 

11,43 

1 

0 03%NaHCOj. 

0.05 

7.2 

183.4 

4.7 

12,05 

8 

0.10%NaHSO,(40-%sol.). 

0.04 

7.3 

81.1 

5.0 

5.10 

9 

0.20% NaHSO, (40-% sol.). 

0,04 

7.3 

82.4 

5.0 

6.01 

10 

0.30% NaHSO, (40-% sol.). 

0.04 

7.3 

84.1 

5.2 

4,70 

11 

0.50% NaHSO, (40-% sol.). 

0.04 

7.3 

70.3 

5.3 

4.52 

12 

None. 

0.04 

7.1 

104.4 

3.4 

7.01 


♦ t * Same as table 1. 


darkness. Two other series at 30®C. were similarly tmated. Ono tumlflcr in 
each series was treated with varying amounts of sulfuric acid (sec tabic 
2), another with sulfuric acid and a mixture of .02 per cent FeSO^ and .02 
per cent Al 2 (S 04 ) 8 , and still another with the iron salts but no sulfuric acid. 
From the data obtained it was evident that if stimulation was caused by the 
iron salts it was not great enough to be out of the range of the experimental 
error. 


Series 3* Partial sterilization. 

It had been shown in the eaperiments of Lipman, McLean and Lint (11) that slcriliasation 
of the mixtures was detrimental to the production of available phosphoric acid. They there¬ 
fore drew the conclusion that sulfur oxidation was a biological process. No attempt was 
made to study the influence of partial sterilization by means of salts or acids. The investiga- 
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tions of RusocU (14) with soils treated with antibcptics showed an inort^a&c in bacterial numbers 
as the result of improvement of the soil medium. This worker used carbon disulfide and came 
to the concision that although tlie bacterial numbers were increased, partial sterilization did 
not improve the bacterial flora. I'his was shown by the fact that the old flora, when reintro¬ 
duced into partial sterilized soil, attained higher numbers and effected more decomposition 
tha 11 tlic new flora. Partially sterilized soil plus 0.5 per cent of untreated soil, or an unfiltcrcd 
aqueous extract of untreated soil, soon contained higher bacterial numbers per gram and 
accumulated ammonia at a faster rale than partially sterilized soil alone. Truffaut (17) con 
eluded after repealed trials that calcium sulfide was an exceptionally good means of partial 
sterilization. Hutchinson (7) studied the effect of caustic lime for partial sterilization as 
pmclical means and obtained good results. Many other investigators worked with different 
kinds of antisci>tics like phenol, naphthaline, toluene, etc., which seemed less suitable for the 
puri) 0 .se of this study. The purpose of partial sterilization in the case of the studies at hand 
would be to suppress undesirable bacterial growth in the cultures and thereby favoring the 
development and perhaps multiplication of the sulfur-oxidizing organisms. 

On account of the relatively high calcium content of the soils used and the 
abundance of calcium in the rock phosphate used, and in view of the necessary 
production of acidity, caustic lime was not used. The excellent results ob¬ 
tained by TrufTaut in the treatment of soil with calcium sulfide as a means 
of partial sterilization led the writer to conduct a scries of cx])crimcnts in 
which the cultures received different amounts of calcium sulfide. In these 
preliminary studies it was brought out that pure caldum sulfide and the 
techniail i)roduct in H 2 SO 4 did not produce satisfactory results. The acidity 
obtained in compost mixtures after 6 weeks of incubation with a neutral 
garden soil (incubated at 28®C.) was: 

Nothing added, 98.4 cc. 0.5 N NaOH per 100 gm, mixture. 

CaS added, alkaline. 

('aS4 IT 3 SO 4 added, 12.1 cc. O.S iV NaOlI per 100 gm. mixture. 

For th(^ partial sterilization studies, the same soil mixtures and the same 
proportions of sulfur and rock phosphate were used as in scries 2 . The com¬ 
post mixtures wore kept at room temperature throughout the incubation 
period. The rtisults obtained with different amounts of NaCl per 100 gm. of 
mixture are recorded in table 4. 

From these data it is readily seen that NaCl added in small <iuantiUes de¬ 
pressed the growth and activities of the sulfur oxidizing organisms consider¬ 
ably. Kven where but .01 per cent NaCl was added the production of re¬ 
lative acidity after 13 weeks was less than in the check cultures and the 
available phosphoric acid was less than half the amount produced if compared 
with the cultures which received no additions of NaCl. Incidentally it was 
shown that soils secured near the sea coast and containing small amounts of 
chlorides were not suitable for ra]>id ])ro(luclion of addity and available 
P 2 O 6 . Bacterial counts showed that although fewer species of soil bacteria 
were present and smaller numbers existed, the sulfur-oxidizing organisms 
were not favored by llitnr absence. Influence of chlorides on sulfur oxidation 
by microorganisms was also noted in studies with black alkali soils from 
California (13), 
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The same soil-sulfur-rock phosphate mixtures were used for cultures to 
which 0.1 N HCl was added. Additions varied from 4,5 cc. to 88 cc. per 100 
gm. mixture. The compost mixtures were incubated for the first 6 weeks at 
30®C. and then placed in a dark cupboard at room temperature. Water was 
added as usual and the mixtures stirred at the end of each week. Relative 

TABLE 4 


Influence of partial sterilisation on the production of acidity and available PtOt ift compost 
mixtures incubated at room temperature 



TRTATMENX WITH 

NaCl 



ATTIR WI I.KS 

NnUBLR 

INITtAL RC.VCTION 

RPACTION 

Citrate- 
soluble PiOi 


per cent 

alk.f Ci .* 

pn 

CC.** 

pH 1 

per tents 

1 

0.01 

0.04 

7.2 

65.6 

3.9 

1.82 

2 

0.02 

0.04 

7.2 

57.2 

4.0 

trace 

3 

0.03 

0.04 

7 3 

55.7 

4.9 

0,83 

4 

0.01 

9cc.0.1iVHCladdcd 

0.08 

7.3 

55.4 

4 9 

trace 

5 

Check 

0 04 

7.2 

79 0 

3.4 

4.15 


* f ® Same as table 1. 


TABI.K 5 


Compost mixtures with additions of varying amomvts of IlClfor partial sterilization 


NUMBER 

o.ij\rHCi 

ADDED PER 100 
OH. mXTURE 

INITIAL DETERMINATIONS 

AITI.R 14 WI IJCS 

REACTION 

Citiatc- 
solublc P.Os 

RI ACTION 

ritrutc- 
soluble P Ok 


CC, 

CC,"* 

pH 

per cetit^ 

CC,* 

pH 

pertettt\ 

1 

4.5 

0.04 

6.8 

0.00 

66 9 

4.9 

2.36 

2 

9 

0,10 

6.6 

0 00 

68.4 

4.8 

2.13 

3 

14 


6 6 

0 00 


4.8 

0.77 

4 

18 

0.16 

6 7 

0.00 

64.4 

4 H 

0.76 

5 

28 


6.7 


lost 

• • > 

««* 

6 

38 




27.2 

5.0 

0.01 

7 

4$ 


6,7 

0.00 

20.9 

5.8 

0.08 

8 

58 


6.2 


10.1 

5.8 

0.40 

9 

68 

6.31 

5 3 


5.3 

6.4 

0.19 

10 

88 


5.2 

0.40 

5.5 

6.4 

0.00 

11 

check 

alk.* 

0.04 

7.3 


104.2 

3.2 

S .22 


* t ® Same as table 1. 


acidity and pH values were determined every time when stirred. Most of 
the free acid had been neutralized by the tri-calcium phosphate, but according 
to the low pH values considerable free acid was still present at the start of the 
experiment, especially cultures 9 and 10, as recorded in table 5. 

After one week of incubation the pH values had gone up and ai)i)roachcd 
the neutral point. There was but slight change at the end of the third week 
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and culture 8 was still slightly alkaline. At the end of 14 weeks all cultures 
to which H Cl was added were far behind the check cultures, in relative acidity 
as well as in available P2O5. Bacterialactivitieshadbcenveryslightincultures 
9 and 10, and the small amounts of P 2 O 6 available at the beginning of tlie 
experiment were transformed into insoluble phosphates. Even where but 
4.S cc. 0.1 N HCl per 100 gm. mixture was added it proved strongly detri¬ 
mental. The results obtained confirmed the conclusions drawn from the 
previous experiment that chlorides are detrimental to the activities of the 
sulfur-oxidizing organisms. 

TABLE 6 


Influence of varying amounts of soil on the prodwUon of acidity and soluble PtPsin composts 
containing 120 gm. sulfur and 400 gm, rock phosphate, incubated at SO^C, 


NUMBl R 

QUANTITY CV SOIL 
UfalD 

INIIIAZ.RI ACTION 

AVXCR 15 WSEKS 

REACTION 

Gtrste- 
soluble PsOs 


gm. 

alk.^Ci.* 1 

1 pn 


PB 


1 

25 

mSm 



2.9 

9.12 

2 

50 

■E9 



2.9 

12.90 

3 

75 

0.08 


199.3 

2.9 

13.82 




■■ 

After 11 weeks 

4 

80 

0.08 


227.7 

2.9 

14.10 

5 

90 

0.07 

7.3 

232.7 

2.9 

14.00 

6 

100 

0.08 

7.3 

216.0 

2.9 

13.92 


* t ° Same as table 1. 


Series 4. Repkcemetit of soil by other substances as a source of nitrogen 

In Ids studios McT.KMin (12) come to the conclusion tluit 100 parts of soil, 120 parts of sulfur 
and 400 pails of rock pbos))hato would lie the most economical combination for the produc¬ 
tion of availiiblo phosphoric acid. All investigators used great quantities of soil, based on the 
work of Mcr.can. Some of ihtMii iiicreawd the amounts of soil or added manure. No 
attempt luwl hevn made to mluce the ({uantities of soil and nqilacing it by other material as 
sources of nitrogen except in the studios of pure tultiues which were made in the lalwratory 
of the Now Jersey Agricultund Kxperiment Stations, which studies were made mainly during 
the absence of the writer. 

For practical purposes a great bulk of .soil in the mixtures is undesirable. 
The high cost of Itandling and transportation arc regarded as considerable 
items, aside from the problems of mixing and stormg. 

A series of experiments was conducted with a rather rich, dightly alkaline, 
calcareous garden soil. All mixtures were placed in an incubator at 30°C. 

Table 6 includes a part of the data secured. 

Uctcrminatioivs of citrate soluble PsOs made after 7 weeks showed that 
cultures 4 and 5 had made more pliosphoric acid available than the cultures 
with 25 parts of soil after a period of IS weeks, (lullurcs with 80 or more 
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parts of soil bad as much or more available PaOe in 11 weeks as cultures with 
75 or less parts of soil in 15 weeks. The difference in relative acidity Ijclween 
cultures with 80 parts of soil or more at the end of 11 weeks vr’Af verj' small, ft 
seemed therefore, that 8t) parts of this soil was sufllcient fi'oni which to c"c- 
pect good results. 

From preliminary cxiieriments conducted during this time at the Pasteur 
Institute and from ])rcvious experiments witli peptone the conclusion was 
drawn that the activities of tlie sulfur-oxidizing organisms dcj>ended largely 


TABLl. 7 

Influence of ammonimn sttlfaif when the soil is reduced to 10 parts, hi a mixture of 100 parts of 
sulfur and 400 parts of rock phosphate 






Ain.R 11 W1.I K<) 


rar vtmlnt 

iNITIAt. Rl At ritW 

Ke.irlion 

('itrjlc- 

bolublt* 

I>jO» 




pn 

tr." 

pit 

peftfHt\ 

1 

None. 

lacubated at 30^0. 

0.40 

6.8 

227.1 

3.0 

18,72 

2 

0.2 per cent (NH 4 )*S 04 added at start- 
incubated 30®C. 

0.48 

6.8 

242.7 

3.0 

22.22 

3 

1 

0.1 per cent (NH 4 ) 2 SOt added at start. 

0.1 per cent added by stirring. 

Incubated at 30®C. i 

0.50 

6.8 

241.3 

3.0 


4 

None. 

Inc. at room temperature. 

0.40 

6.8 

175.7 

3.0 

16.86 

5 

0.2 per cent (NHi)jS 04 added at start. 

Inc. at room tcmi)crature. 

0.50 

6.8 

172.9 

3.0 

16.18 

6 

0.1 per cent (NlUaSOi added at start. 

0,1 per cent added by stirring. 

Inc. at room temperature. 

0.50 

6.8 

183.1 

3.0 

1 

16.98 


° t Same as table 1. 


on sufiBicient available nitrogen. During the progress of the work a more 
concentrated culture of strong sulfur-oxidizing organisms for inoculation had 
been secured and was used in the experiments recorded in table 7. 

A mixture of 10 parts of soil, 100 parts of sulfur and 400 parts of rock phos¬ 
phate was used. It had previously been found that the quantity of sulfur 
could be reduced to 100 parts, as reported in scries S. 

The 10 gm. of soil were of a rich garden soil used in the experiments report cd 
in the previous table. In addition, ammonium sulfate equivalent to 0.2 per 
cent of the mixture, was given to the culture.^ 2 and 4 at the beginning, and 
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ammonium sulfate equivalent to 0.1 per cent of the mixture to cultures 3 and 
6 , while another 0.1 per cent was added to cultures 3 and 6 stirred into during 
the first 6 weeks. 

The available figures show that the compost mixtures to which ammonium 
sulfate was added and which were incubated at 30“C. made 3.0, 6.0 and 3.2 
per cent, resiwetively, more phosphoric add available after 11 weeks than the 
ones with no additions of ammoniiun sulfate. The mixtures placed at room 
temperature, however, were all practically alike after this incubation period. 
It seemed therefore, that enough nitrogenous matter was available up to 
a certain point. After this point is reached the nitrogen supply seems to 
be insufficient to keep the organisms at maximum production. Ammo¬ 
nium sulfate furnishes their needed nitrogen. From other experiments 
(some of whidt are reported in table 10) it is known that if the quantities 
of a calcareous soil arc reduced to 10 parts or less, sulfur oxidation by the 
organisms is very slow if not inhibited. It is interesting to note that in the 
case of these mixtures the influence of temperature was far less pronounced 
than in the experiments reported in an earlier series. A part of the cultures 
placed at room temperature were taken away and analyzed at the end of 18 
weeks. They had not been stirred during the last 7 weeks and evaporation 
losses were restored only twice. At the end of this period 27.6 per cent 
PsOfc was available in the mixtures without ammonium sulfate and 34.1 per 
cent PaOe available in the mixtures to which ammonium sulfate was added. 

A part of this relative rapidity of oxidation was attributed to the fact that 
the small amount of soE did not hinder the production of free sulfuric add 
and that the ammonium stdf ate added resulted in a slightly add medium at the 
beginning of the experiments. 

Series 5. Reduction of quantity of sulfur 

In the commcrdal methods of making add phosphate the proportions of 
sulfuric add (52” Bd) and rock phosphate used are approximately equal. 
The amounts of sulfur cmjEoyed in composting experiments have usuaEy 
been larger than the amounts of sulfur used in the commercial methods. If 
smaller quantities, were employed the available phosphoric add decreased. 
From a commercial point of view it is interesting to know the results obtained 
by using these smaller quantities, namdy from 20 to 22 per cent of sulfur, 
espcdally where the cos5t of sulfur is high. An excess of sulfur would inhibit 
composting as might be done in countries where sulfur can be obtained at a 
comparatively low price. Experiments were made with a soil-rock phosphate 
mixture in which the amounts of sulfur were reduced to 50 per cent of the 
original amounts used by MdiCan and which was pronounced by him as the 
most economical for farmers. The soE used was a slightly allmline garden 
soE containing apparently suffident nitrogen for the .suEur-oxidizing organisms 
to produce good results. I'he compost mixtures were incubated at SO^C. 
and a part of the results obtained are given in tabic 8. 
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From the reported data it is obvious that less sulfur than the therorctical 
amounts necessary to transform the total phosphoric acid to a soluble form 
are impractical. Tt may be seen from the data in this table tliat a quantity 
of about the Uicoretical amount is sufTicient to warrant good results. 
One hundred grams of sulfur, 100 gm. of soil and 400 gm. of rock phosphate 
gave as good results as 110 gm. of suKur with the same proportional amounts 
of soil and rock phosphate, and nearly as good as when 120 gm. of sulfur was 
employed. When the sulfur was reduced too far the available phosphoric 
acid decreased accordingly. 


TABLE 8 

Influence of reducing quanlily of sulfur on the production of acidity and avoihthle phosphoric 
acid in com posts of 100 parts of soil and 400 parts of rock phosphate incubated at 30P 


NOHBER 

AUOUMT or 
bUIffUR T7Sr.D 

INlThVL BLACTIOM 

Am tt 18 wr.uKs 

Reaction 

Citrate- 
soluble P;0« 




pn 

cr.* 

pli 

pfrtent^ 

1 


0,4 

6.9 

266.0 

2.9 

25.0 

2 



6.9 

247.0 

3.0 

24.4 

3 


0.4 

6.9 

247.2 

3.0 

24.2 

4 


0.4 

■a 

246.0 

3.0 

24.0 

5 


0.4 


213.0 

3.0 

18.2 

6 


0.4 

6.9 



16.1 

7 

60 

0.4 

6.9 


3.1 

13.2 


of Same as table 1. 


Series 6. Initial reaction 

To make a fair test as to whether or not initial reaction would have any 
influence, 100 parts of an alkaline garden soil, 100 parts of sulfur and 400 parts 
of rock phospliatc were composted and tnsated at the licginning of the experi¬ 
ment with different amounts of sulfurous acid in some cases, and in other 
cases sulfurous acid was added to the mixtures when they were stirred for 
aeration. From the preliminary experiments it was condmled, that ai)proxi- 
mately 13 cc. sulfurous acid of a strength that will neutralise the same vol¬ 
ume of normal sodium hydroxid added per 100 gm. mixture was best suited 
for the purpose. The mixtures were incubated at room temperature and 
at 30®C. The data secured are reported in table 0. 

The influence of sulfurous acid on the mixtures is very obvious. Although 
the influence after 15 weeks on the mixtures incubated at 30®C. is not so 
pronounced as on the mixtures incubated at room temperature, still considera¬ 
bly more phosphoric acid was made available than in the check cultures. The 
mixtures incubated at room temperature to which sulfurous acid was added 
at the beginning showed up very favorably in comparison with culture 1 
whidb. received no sulfurous acid and was incubated at 30"C. It should be 
remarked here that a strong culture was used for inoculation similar to that 












COMPOSTING ROCK PHOSPHATE WITH SULFUR 


51 


mentioned under series 4. The addition of sulfurous acid by stirring into the 
mixtures at the limes of aeration proved not to be so effective in each case, 
showing that possible oxidation of sulfurous acid has but little, if any, effect. 
Since these studies were mainly concerned with reducing the first part of the 
inculcation period before sufficient free acid or acid salts are produced to made 
P2O5 available, the experiments were not continued. 

TABLE 9 


Influence of initial reaction^ using sulfurous acid, on the production of acidity and available 

phosphoric acid 




iNiTita nmnukONATioNs 

APXER 15 WECES 

NUlFBCR 

TRl^ALXUCNr PER 100 CV. IflXTURC 

Reaction 

Citrate- 

soluble 

PiOs 

Reaction 

Citrate- 

soluble 

PsO» 




pn 

percent] 

cc.* 

pn 

percent] 

1 

None (30«C.) 


7.3 


211.4 

3.0 

12.66 









2 

13 cc, sulfurous acid added by stirring 

0.4* 

6.6 


231.8 

3.0 

14.12 


(30"C.) 







3 

13 cc. sulfurous acid added at start 

1.4 

6.0 

trace 

247.6 

3.1 

17.94 


(ao^c.) 

alk. 






4 

None (room tem|)eralure) 

0.4 

7.3 


91.2 

3.4 

3.08 



acid 






5 

13 cc, sulfurous acid added by stirring 

0.4 

6.6 


194.7 

3.1 

11.89 


(room temperature) 







6 

13 cc. sulfurous acid added at start 

1.4 

6.0 

trace 

218.5 

3.0 

15.38 


(room temperature) 








* t ® Same as table t. 


Tn a recent publication Lipinjin and Joffc (9) rcix)rt that initial reaction is of no advantage 
when sulfuric acid is usc<l. 'Pho mixtures worked with by these investigators had however a 
relatively high hydrogen-ion concentration at the start, a pll value of 5 4, before additions of 
sulfuric acid were made. When an alktiline soil is used, the increase of acidity from pH 
7.3 to 5.8 rc<iuires considemblc time, because of the fad that the organisms present have 
to start with an unfavorable medium. The time required for clmnging tlie hydrogen-ion 
concentration from pII 5.8 to plF 3.2 in such mbcturcs is usually less than that required 
for the change from pH 7.3 to 5.8, altliough the actual acidity produced is much greater 
in the case of the former. Since thc.se investigators used a decidedly acid medium in their 
experiments, it is possilile that the cause for linding no advantage in lowering the pH 
values through additions of TIjiS 04 , might be found in the initial reaction of the mixtures. 

Series <?. Aeration 

One of the conclusions dniwn by McLean (12) is that the question of aeration should 
receive foremost consideration. He slalc.s that the results obtained would nmkc it appear 
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fliat the micioSiganisms which osidizc sulfur are largely aeiobic, and hence require an abun¬ 
dant supply of oxygen. The e:q>eiiments of Shedd (16) show that the stirring of the mixtures 
had considerable influence, and he concludes that thorough aeration is one of the conditions 
which promotes most rapid reaction. 

Two series of experiments were conducted for the purpose of testing ihe 
influence of aeration. The first series was composed of 80 parts of rich alkaline 
garden soil, 100 parts of sulfur and 400 parts of rock phosphate. To the mix¬ 
tures were added different ingredients and the cultures placed in a dark cup¬ 
board at room temperature. The cultures were divided into two sets. One 
set was stirred twice a week by reinoving the compost from the glasses and 
mixing thoroughly, while the other set was stirred in the same way at the end 
of 6 weeks when a sample was taken for analyses. Moisture contents were 
kept at the optimum by weighing at the end of every week. Although all 
tumblers were kept covered with glass plates, the amounts of water lost from 
the stirred cultures were far greater than from the cultures which were not 
removed from the tumblers. The results obtained after 12 weeks are reported 
ih table 10. 

In this series of cultures the same was found as in earlier scries regarding 
the influence of sulfurous acid. Sulfurous add caused considerable stimula¬ 
tion of bacterial activities in the stirred and unstirred mixtures, resulting in 
relatively higher aridity and greater availability of PjOs as compared with the 
checks. 

Sodium bicarbonate added in solution to this rich soil compost did not 
stimulate the activities of the sulfur oxidizing organisms but seemed to retard 
them. This would indicate that the conclusion drawn for the soil poor in 
organic material and consequently poor in carbon dioxide production was 
right. There was present in this soil apparently sufErient COj for the work 
of the organisms and an addition of a CO 2 source had no influence. 

Acetic arid proved to be detrimental in this soil and a combination of 0.02 
per cent altuninum sulfate and 0.02 per cent ferrous sulfate had no influence. 
These two salts had no influence upon the activities of the organisms in .my 
of the calcareous soils used. 

All stirred mixtures were considerably in advance as compared with Hit' 
unstirred mixtures. The conclusion drawn by McLean and Shedd that an 
abundance of oxygen favored sulfur oxidation seemed right. It was thought 
therefore, that a still greater abundance of oxygen would hdip accelerate the 
reaction still more. An apparatus was made in such a way as to have a small 
continuous stream of moist air nmning thru the cultures. A diagram of the 
apparatus used is given in figure 3. 

As a soil compost mixture, 10 parts of a neutral calcareous soil, 100 parts 
of sulfur, and 400 parts of rock phosphate was used. To replace the bulk of 
the soil a number of cultures received 0.2 per cent ammonium suHatc. The 
water-holding capacity of this mixture was 22 per cent. 
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To some of the cultures 10 cc. sulfurous add in addition was given, while 
others received the same amount of sulfurous add at the time of stirring for 
aeration. Some of the mixtures tlirough which air was running received a 
similar amount of sulfurous add at the beginning and others by means of 

TABLE iO 


Influence of aeration in the presence of different ingredients on the production of acidity and 

citrate soluble phosphoric acid 





AFTER 12 WEEKS 

NlMBLR 

TRI ATltCNT 

INITIAL REACTION 

Reaction 

Citrate 

soluble 



i 


PiO. 


Stirred twice a week 




cc. 

pE 


PE 

p^cent^ 

1 

None 

alk.0.18* 

7.2 

31.3 

4.3 

2.27 

2 

14 cc. IT 3 SO 4 

alk. 0 18 

1.2 

S4.S 

3.9 

5.96 

3 

13 cc. sulfurous acid 

acidO 46® 

6.6 

137.0 

3.2 

10.40 

4 

0 01 per rent NallCOt 

alk. 0 04 

7 1 

20.3 

5.4 

1.51 

5 

6 cc. 1.0 .V CIW'OOK 

alk, 0 14 

7.0 

5.7 

5.6 

0.00 

6 

0 02 per tent Ah (SOi) \ and 0 02 per cent 
l‘’0S(>4 

alk. 0 18 

7.2 

27.4 

4.1 

1.89 


Stirred once every 6 weeks 


7 

None 

alk. 0 IR 

7 2 

8.2 

5.5 

irate 

8 

1‘I VC. ItjSO, 

alk. 0.18 

7.2 

44.4 

3.9 

4.0s 

9 

13 cc. sulfurous acul 

acid 0 46 

6.6 

71.6 

3.5 

6.51 

10 

0,01 iwrccnt NalK'O, 

alk. 0.04 

7.1 

4.7 

5.7 

0.00 

11 

6(t. KOiVCirsCOOIl 

alk. 0.14 

7.0 

1.9 

5.9 

0.00 

12 

0.02 per cent AI 4 (SOOs and 0.02 per cent 
FeSOs 

alk. 0.18 

7.2 

9.3 

5.4 

trace 


1 * Same as table 1. 

moist air which went through a wash bottle containing the calculated amounts 
of weak sulfurous add per 100 gm. mixture. 

The mixtures through which air was running were taken out of the con¬ 
tainers and thoroughly mixed at the end of every two weeks. The cultures 
in the tumblers were stirred once at the end of each week. Preliminary ex¬ 
periments wore made to determine the amounts and rate of air flowing through 
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the mixtures. It was concluded best to use approximately 1 liter of air per 
hour per 500 gm. of mixture. All mixtures were kept at room temperature. 
Acidity and hydrogen-ion concentration determinations were made every two 
weeks, and the soluble phosphoric acid at the end of 14 weeks. The results 
are recorded in table 11. 

While the difference between stirred and unstirred mixtures was consider¬ 
able, the difference between aerated and stirred composts was still greater. 
Here, however, the difference was in the opposite direction. All aerated 
mixtures produced not only less relative acidity, but the available posphoric 
add was nil in the aerated cultures (no. 1-4) after 14 weeks. The aerated 



cultures showed some activity after two weeks but this activity deert'ased as 
time went on. In the case of number 4 a part of the measured acidity in all 
probability was free sulfurous acid which went through, as indicated both by 
titration and hydrogen-ion concentration. Every 4 weeks moisture deter¬ 
minations were made on the mixtures. These determinations showed that 
the optimum moisture content was very constant. 

The stirred mixtures inaeased regularly in addity, while the mixtures to 
which amm onium sulfate was added, in sf<te of the neutral calcareous soil, 
produced from the very beginning a much greater addity than the check 
cultures without ammonium sulfate. The soluble PA in these mixtures at 














TABLE 11 

Influence of aeration on the change of kydrogen-ion concentration^ production of acidity attd soluble phosphoric acid 
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the end of 14 weeks was approjdmately 10 per cent, all being dose together 
as well in addity as in available phosphoric add. 

There seems no doubt but that in these experiments too great a quan¬ 
tity of air does not favor sulfur oxidation by the organisms as was supposed. 

There seems to be a limit to the quantity of oxygen wliidi acts favorably 
on the organisms, but where the limit lies could not be determined. The 
quantities of air which went through, namely 24 liters per 500 gm. per day, 
were apparently too great, although 200 liters per ton per hour docs not seem 
such an extreme abundance. 


Observations 

It was noticed throughout a number of series that the relative acidity 
increased regularly, but the intensity of the add produced as measured by the 

TABLE 12 


Retative acidity^ pU values and available phosphoric acid in aggfegaics as compared wUh the 

mixed compost 


UATCmX 

RPACTXOB 


tfC.* 

pn 

Coarse aggregates (about 4-5 mm. in diameter).. 

197.0 

3 0 

Medium size aggregates (about 2-3 mm, in diameter). 

190.2 

3.1 

Small aggregates (about 1 mm. in diameter). 

185 6 

3.1 

Finely sifted mixture. 

121.8 

3.2 

Unsifted mixture . 

171.6 

3.1 

i 


CITRATI. 

bOLUBtl 

p^)l 

ptTrent\ 

16.4B 

15.92 

12,38 

8.86 

11.42 


® t Same as table 1, 


hydrogen-ion concentration, varied. The concentrations became higher, till 
a certain point (3.1 to 2.9) was reached, then became slightly weaker an<l then 
back to the same point as before (3.1 to 2.9) to remain there. 'Fhis point 
seemed to indicate when the greatest production of available i>hosphoric add 
began. The hydrogen-ion concentration, however, does not necessarily have 
to be at a certain point, pH 3.2 for instance, to mark the beginning of the 
availability of phosphoric acid. 

The titration measurements of the relative addity were affected by the 
soluble phosphates, etc., and they do not, therefore, ex])ress the exact amounts 
of sulfates and free add formed. The constant action of the free add on the 
tri-caldum phosphate may account for the irregularities noticed in the deter¬ 
minations of the hydrogen-ion concentrations. The point at which the 
peatest amounts of P 2 O 6 are made available corresponds with the hydrogen- 
ion concentration of add phosphate, which is generally 3.0 to 3.2 as expressed 
in pH values. 
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Throughout this work it was freuenUy noticed that the mixtures had a 
tendenqr to form small aggregates composed of soil, rock phosphate and sulfur. 
Upon examination of these aggregates under the microscope they appeared 
to have a peculiar structure of indefinite form. A great number of these 
aggregates were picked out and their relative acidity, hydrogen-ion concen¬ 
tration and available P2O5 determined. A part of the mixture as ordinarily 
taken was used for similar determinations, and another part cautiously 
sifted. The differences found are tabulated in table 12. 

On account of this peculiarity these aggregates or crumbs were later on 
broken up when the composts were mixed and when samples were taken for 
analyses. 

Often it was found that the incubated mixtures produced hydrogen sulfide 
during the first weeks of the incubation period. Sometimes it was only 
noticeable by the smell and at other times even by a black color produced. 
Small additions of sulfuric acid favored the sulfur-oxidizing organisms and 
depressed the hydrogen sulfide-producing organisms. Sudh cultures were 
always excluded in the final results and are not included in the tables. 

CONCLUSIONS 

1. Sulfur oxidation takes place in a calcareous slightly alkaline soil and does 
not hinder the solubility of phosphoric acid. 

2. Compost mixtures incubated at 30°C. increased more rapidly in relative 
acidity and available P 2 O 6 than composts kept at room temperature. When 
larger quantities of a calcareous soil is used the infiuence of temperature is 
usually greater than when small amounts of such a soil are employed. 

3. The influence of light is slightly detrimental to sulfur oxidizing-organisms. 

4a. Small quantities of sulfuric add stimulate bacterial activities particu¬ 
larly during iJic first weeks of the incubation period, if calcareous, slightly 
alkaline soil is used. 

b. Sodium 1)icarbonale stimulated the bacterial activities considerably 
when a calcareous soil poor in organic material was used; if a similar soil rich 
in organic material was used it failed to produce stimulation to the same 
extent, presumably due to greater CO 2 production in this soil. 

c. So^um bisulfate in solution and acetic acid had no stimulating effect, 
but rather detrimental. 

d. A mixture of 0.02 per cent ferrous sulfate and 0.02 per cent aluminum 
sulfate failed to exert any influence. 

5. Partial sterilization of the soil and the mixtures by additions of sodium 
chloride and by hydrochloric acid proved of no value. NaCl retarded the 
activities of the sulfur-oxidizing organisms, and the same was true to a less 
extent with HCl. 

6a. The amounts of soil can be reduced with success from 16 to 17 per 
cent to 1.6 to 1.7 j>cr cent of the mixtures. 
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6. It is possible to replace the bulk of a calcareous soil poor in nitrogenous 
material with ammonium sulfate. 

7. The quantities of sulfur in the mixtures, reduced to approximately the 
amounts required in ordinary factory methods of making acid phosphate, 
gave good results. 

8. Addition of small amounts of sulfurous acid to change the initial reaction 
of these mixtures in which a slightly alkaline calcareous soil was used, j)rove(l 
to have a decided influence upon the rapidity of accumulation of acidity and 
available phosphoric acid. 

9. Aeration of the mixtures had considerable influence, but when the mix- 

tur es received a p- of air, sulfur oxidation nearly ceased and no 

pEo^phmic acid was made available. 

10. The hydrogen-ion concentration in the mixtures changed till pH values 
of from 3.1 to 2.9 were reached, indicating the point at which P 2 O 6 becomes 
most rapidly available. Relative acidity, as measured by the titration 
method, accumulated after this point was reached. 

11. The mixtures have a tendency to form aggregates which have a different 
relative acidity and different quantities of available P 2 O 6 according to the 
size of the crumbs. 
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The dose correlation between soil reaction and the growth of specific micro¬ 
organisms in the soil has recently been made the subject of investigations 
from various viewpoints. By expressing the soil reaction in terms of hydro¬ 
gen-ion concentrations, we are employing a factor which has greater signi¬ 
ficance in biochemical soil processes than merely the amount of add substance 
present. In studying the relation between the hydrogen-ion concentration 
of the soil and the activities of microorganisms, we must differentiate between 
the limiting reaction, a1 which beneficial microorganisms become active in 
the soil, from tlial reaction at which microorganisms injurious in one way 
or another to the soil microflora or the growth of higher plants are checked in 
their development. The work of Gainey (7) and others takes up the influence 
of reactions upon the growth of Azotobaefer, Fred and associates (6) and others 
on B. radickola, Meyerhof (24) on Nitrosomonas and Nitrobacter. The 
.limitation of the growth of actinomycctes causing potato scab can serve as 
an excellent illustration of the second group of phenomena. However, when 
we attempt to adjust the reaction of the soil to a certain hydrogen-ion con¬ 
centration with a view of limiting the growth of an injurious organism, we 
ought not omit from consideration the influence that this reaction may exert 
upon the growth of beneficial organisms. 

The orKanisni musing potato seal) w-'as first described l>y Thaxicr (28, 29) under the 
name Oospora saibivs. In a study of “scab’* of sugar beets, KrUger (17) suggested that 
Oosponi can pn)l)ahly Ix' classified with the sircplothrices (actinomycctes). It was later 
identified by (hinningliam (5) with Atiinomyres chromogcniis of (Tasperini. However, the 
term .1. thronw^^enus hascxl upon the fact that the organism ]>roduccs a dark brown pigment 
on organic media is hardly aj)proprialc, since, as pointed out by Krainsky (16), Waksman 
(31,32), and Conn (4), there is a large number of actinomycctes in the soil, which arc able to 
produce this pigment. 'Phis factor was readily recognized by (JUssow (12), who very appro¬ 
priately suggested the term Actinomyces s^cMes, wliicli sliould be used in the interests of an 
accurate nomenclature. Even uilh a correct nomenclature, we must be on the bokout for 
other actinomycctes not of the A, scabies type. Eiom 15 to 40 per cent of the soiPs microbial 
flora consists of actinomyceles and one may readily isolate from a diseased potato tuber 
another Actinomyces which will not be “scabies” at all and which may differ much in its 


1 Paper No, 50 of the Journal Scries, Now Jersey Agricultural Experiment Stations, 
Deparltnent of Soil Chemistry and Bacteriology. This poper will appear in volume 1 of 
the KtJT<irR.s Sninirs. 
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metaboli&m, including the limiting reaction for growth. Only recently, Wollenweber (38) 
pointed out the potato scab is caused not by one species of Actinomyces, but by a number 
of them. At least 6-7 Actinomyces species have been isolated from diseased potatoes and 
from the soil, and their pathogenicity demonstrated by inoculation tests. As a result of 
these studies of ’Wollenweber and of the writer, which will be published at a later date, wc 
may have to limit the term A. scabies (Thaxter) GUssow to one specilic type, from which 
other actinomycetes that are able to cause potato scab may be differentiated. IIow(‘vcr, 
for the present, we may speak of the organism causing common potato scab both in America 
and in Europe (as pointed out by Wollenweber), as tlie Aclhiomyccs siahks group. 

One of the most important and most promising methods of controlling the development of 
potato scab in the field is the use of acid forming substances. Fertilizers which leave the 
reaction of the soil alkaline have been looked upon as injurious, while those which leave the 
soil acid, like ammonium sulfate and acid phosphate, are generally preferred. The use of 
su’'iur foi combating scab has. been rccogniz<i by Ilalstcd (13,14). But the results obtained 
by the various investigators are lacking in uniformity. Even Tfalstcd (15) found that an 
application of 300 pounds of sulfur per acre was effective, within one year under certain 
conditions, while an application of 600 pounds of sulfur in 1890 was ineffective, but became 
effective in 1898. 

These discrepancies were due to the fact that the basic underlying principles were not 
recognized, namely that the sulfur is oxidized in the soil by certain microorganisms to sulfuric 
acid, and the increase in soil acidity leads to a decrease in scab. Two factors arc to 1)C con¬ 
sidered here; the presence of the proper sulfur-oxidizing organisms in the soil and the reaction 
and character of the soil itself. The amount of sulfur to be used will depend upon the latter 
factor. 

This lack or corrdation between the application of sulfur and control of scab is also true 
of the other experiments where the addition of sulfur failed to diminish the amount of b< ah 
as those of Gaiman (8) and Brooks (1). However, where enough sulfur was used year after 
year and the soil conditions were proper, a definite reduction of the potato scab was effected 
by Wheder and Adams (36), Sherbakoil (26,27) and Lint (18,19). Even in as laic a publi¬ 
cation as that of Wollenweber (38) in 1920, where the importance of making the soil acid 
for the control of potato scab has been well recognized, the application of sulfur was not found 
to give uniform results. 

Only with the development of methods for determining the correct reaction of the soil 
as expressed in terms of hydrogen-ion concentration, and with an increased knowledge of the 
xmcrodrganisms concerned in the oxidation of sulfur in the soil, could wc understand the 
underlying principles and place our knowledge of scab control on a systematic foundation. 
A third factor should be considered here which is not of least importance, and that is the 
metabolism of the causative agent of potato scab, A. scabies. Our information on the soil 
reaction has been advanced by the researches of Sorensen and Michaelis in Europe, (‘lark 
and Lubs and others and particularly that of Gillespie (10,11) in this country, as appliwi to 
scab control. Our knowledge of the mechanism of sulfur oxidation in the soil i)y crude 
cultures of smcroOrganisms has been advanced by the work of Lipman and his associates 
(20,23) andMcLean (24), and with pure cultures by Waksman and JofTe (33,34,35). As to 
the metabolism of Actinomyces scabies itself, it has been taken up by Lulman and Cunningham 
(21) and by Waksman (30), 

Considering the practical application of the subject, the following questions 
are important: 

1. Is there a limiting acid reaction for the species of Actmmyces scabies 
which will absolutely prevent their development? 

2 . By what certain means can we obtain this reaction? 
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3. What is the influence of type of soil, amount of organic matter in the 
soil, moisture content, aeration, etc.? 

These three points will bo taken up in order and experimental results 
presented. 

LIMITATION OF GROWTH OF A. SCABIES BY ACIDITY OF MEDIUM OR SOIL 

Gil]e«»pie and Hurst (10) were the first to call attention to a characteristic difference of 
h>drogcn-ion concentration shown by the extracts of soils ol the types Caribou loam and 
Washburn loam. These types, similar in texture and derived from the same glacial till, 
differ, however, due to local topographic differences. In reaction, the Caribou loam is more 
intensely acid than the Washburn, with a relative freedom from scab of potatoes grown in the 
more acid soil. Gillespie and Hurst (11) have further shown that soils having a hydrogen-ion 
concentration equivalent to pH 5.2 rarely produced scabby potatoes, while less add soils 
generally product scabby potatoes, unless it was new land. In another paper, Gillespie (9) 
found that, by growing the organisms causing potato scab on two synthetic media and upon 
a medium prepared from potato extract at reactions of pH = 5.2 and less, the growth was 
much slower and generally less vigorous than in less add media. It is interesting to note 
that Gillespie (9) observed a marked decrease in acidity accompanying the growth of the 
organisms. This change in reaction of media was pointed out by Waksman (31) for the 
Actinomyces group as a whole. Wollenwebcr (38) stated that actinomycetes causing potato 
scab are very sensitive to add (0.05 per cent) and mu h less sensitive to alkali (0.25 per cent). 

EXPERI^fENTAL 

The influence of reaction upon the growth of actinomycetes, in general, 
and species causing potato scab, in particular, was studied both in solution 
and in soil. The cultures used were obtained from Dr. Morse of the Maine 
Agricultural Experiment Station and Mr. M. Shapovalov of the U. S. De¬ 
partment of Agriculture except for three which were isolated by Waksman 
and Curtis (32). 

The following cultures were used in one or another of the experiments: 

A. scabies 222 and 254 were obtained from Dr. Morse, who isolated them fiom potatoes in 
Maine in 1906 and in 1914 respectively. 

A. scabies 259 was obtained from Dr. Morse, who isolated if from potatoes coining from 
Ohio in 1915. 

A. scabies 281, 283 and 295 were obtained from Mr. Shapovalov, who isolated them from 
potatoes infected with common scab in Maine. 

A. gfiseus was isolated by the writer and Curtis (32) from the soil in 1916, This culture 
has a strong proteolytic power (30). 

A, motaceiis-riibcr and A. viridochrmogems were also isolated in 1916 by the writer and 
Curtis from tbe soil and described in detail elsewhere (31). These two cultures are quite 
similar, in description, to WoUenweber^s A, tricolor and A . aerugineus. 

The organisms were grown on synthetic agar, Czapek’s or dextrose agar 
(31), and were then inoculated into the sterile liquid medium. For the inocu¬ 
lation of sterile soil, the cultures were grown on the liquid S 3 aithetic media, 
in 2S0-CC. Erlenmcyer flasks and, for inoculation, 1 cc. of the culture, well 
shaken previously, was introduced, under sterile conditions, into each flask. 
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Experiment 1 

TTie mediu m used in tlie first experiment had the following composition: 


trami 

Glycerin.20,0 

Asparagin.5,0 

MgSOi.0.5 

m.0.5 

Fe SO 4 . 0.01 


Phosphates in varying amounts. Distilled water to make 1000 cc. (after adding tlie 
buffers). 

'"'^^hosp]loric acid, KH2PO4, K2HPO4 and NaOH were used to adjust the 
reaction of the medium to the desired hydrogen-ion concentration, as shown 
in table 1 . 

TABLE 1 

The amoiinls of buffer solutions used in experiment 1 and the hydrogefi4on concefitraiion of the 

media 


lOmUTM MUUBSR 


BCFXLR SOLUTIONS 

- 

SEACnON 

HiPOi 

1 ON 

KHjP 04 
i OM 

KsHPOi 
i OJii 

NaOH 
i ON 


€C, 

ec. 


ce. 

pn 

1 

4 

16 

.... 

.... 

3.2 

2 

2 

18 

.... 


3.6 

3 

•.., 


.... 


4.2 

4 


19.5 

0.5 


4.6 

5 

.... ! 

19.0 

1.0 


5.2 

6 


18.0 

2.0 


5.6 

7 


16.0 

4.0 


6.4 

8 


4.0 

16.0 


7.0 

9 


.... 

20.0 


7.5 

10 


.... 

16.0 

4 

8.2 


In all media, a total of 20 cc. of the buffer solutions were added per liter. 
The media were distributed, in 100-cc. portions into 2S0-cc. Erlenmeyer 
flasks and sterilized at 15 pounds pressure for 15 minutes. The flasks were 
then inoculated from slants with a culture 7-14 days old by means of a plati¬ 
num loop. They were incubated at 25-27®C. for 21 days and filtered through 
weighed filter paper. The growth on the filter paper was dried at 80^C. 
to constant weight. Under '^growth”, the relative amount of growth is 
given, while under ‘‘weight’^ actual weight of the mycelium is given, in 
milligrams. The pH values were obtained by the use of theindicator method, 
as outlined by Clark and Lubs ( 2 ). Results are presented in table 2. 

The limiting add reaction for the two cultures of A. scabies seems to be 
at a pH between 4.6 and 5.0, while the limiting add reaction for A, griseus 
and A, ^olacms ruber isolated from the soil lies between pH 4.2 and 4.6* 
This indicates a greater add resistance for the saprophytic forms. As to the 
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alkaline limit, A. scabies 259 did not develop above pH 7.4. When good growth 
took place, the reaction of the medium was invariably changed to alkaline . 
This is due to the fact that the actinomycetes as a group, with perhaps few 
exceptions, do not seem to form any acid from the carbon sources, as in the 
case of many bacteria and fungi, but produce alkaline substances from the 
nitrogen sources [Waksman (30)]. In this case, it is the production of am¬ 
monia from the asparagin which makes the medium alkaline. By determin¬ 
ing the ammonia formed, we can account almost quantitatively for the change 
in reaction. 


TABLE 2 

Growth of actinomycetes in syMelic media at various hydrogen-ion concentrations and changes 

of the reaction produced. 


M2.0XUM 

REAC¬ 
TION 01 
CONTROL 

A. SCABtnS 259 

A. SOABICS 222 

A. ORisxns 

A. VIOXACBVS RUBSE 

Relative grovrth* 

M 

es 

Final reaction 

Relative growth 


Final reaction 

Relative growth 

4J 

Final reaction 

Relative growth 


Final reaction 


pn 


rngm. 

pn 


mam. 

pn 



pn 



pn 

1 

3 4 

0 

0 

3.4 

0 


3 4 



3.4 


0 

3.4 

2 

3.8 

0 

0 

3 8 

0 

0 

3 8 



3.8 


0 

3.8 

3 

4.2 

0 


4 2 

0 

0 

4 2 



4.2 

0 

0 

4.2 

4 


0 

0 

4,6 

0 


4.6 



4,6 

T 

2t 

4.6 

5 


T 

1 

5 0 

2 

268 

5.0 



5.0 

1 

15 

5.0 

6 


T 

1 

5,6 

3 

346 

5.8 


It 

5.6 

2 

47 

5.8 

7 


1 

2 

6 4 

4 

377 

6.8 

2 

214 

6 4 

3 

184 

6.6 

8 


2 

5 

Ml 

5 

601 

8.4 

3 

253 

8 0 

4 

314 

7.4 

9 

7,4 

1 

2 


5 

499 

8 6 

2 

177 

8 2 

3 

233 

7.6 

10 

8.0 

0 



5 

547 

9.2 

2 

no 

9.0 

1 

99 

8.0 


* T a Trace, 1-5 indicates the relative amounts of growth, 5 being the maximum, 
t Approximate weight. 


Experiment 2 

The medium used in this exiieriment had the same composition as that 
used in the j>revious one, only the amount of asparagin was reduced to 2 gm. 
per liter of medium and the amounts of buffers in the media were slightly 
changed, as shown in table 3. The cultures were grown for 21 days at 25- 
27®C. The results are given in table 4. 

We find a decided difference between the various cultures of A. scMes 
in their resistance to acidity. While A. scabies 254 did not begin to develop 
till the pH of the medium was 5.3, A. scabies 281 njade some growth even at 
4.6. 
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TABLES 


The amounts oj bujffer solutions used in experiment 2 


IfEDZUK ZrUMBEE 

BOrrER SOWTION 

REACIZON OF ICCBltTM 

KHjPO, 
t ou 

KsIIPOi 
i OMt 


et. 

cc. 

pn 

1 

20.0 

0.0 

4.2 

2 

10.5 

0.5 

4.6 

3 

19.0 

1.0 

5.0 

4 

18.5 

1.5 

5.4 

5 

18.0 

2.0 

5.6 

6 

16 0 

4.0 

6.2 

7 

10.0 


6.8 


TABLE 4 


Growth of A. scoMes in synthetic media at various hydro^nAon concentrations 


medxum 

HUIIBZR 

REACTION 

OF CONTROL 

A. SCABIES 254 

1 A. SCABIES 259 

A. SCABIES 281 

Relative 

growth 

Final 

reaction 

Relative 

growth 

Final 

reaction 

Relative 

growth 

Final 

reaction 


pH 


pH 1 


PE 


pH 

1 

4.0 

0 

4.0 

0 

4.0 j 

0 

4.0 

2 

4.6 

0 

4.6 

0 

4.6 1 

1 

5.2 

3 

4,9 


5.0 

1 

6.6 

2 

5.8 

4 

5.3 

2 

5.4 

2 

6.1 

3 

6.2 

5 

5.6 

3 

6.8 

2 

6.2 

3 

6.6 

6 

6.1 

3 

6 6 

3 

7.4 

.... 

• • * • 

7 

6.8 

.... 

.... 

3 

7.4 


• * * • 


Experiment 3 

The above experiment was repeated with larger amounts of buffer (50 cc. 
of the mixture) and 2 gm. of asparagin per liter. The flasks contained only 60 
cc. of culture medium. Five cultures of A. scabies were used, with three or 
four flasks for each culture and each reaction. The amount of buffer used 
in experiment 3 is given in table 5 and the results are presented in table 6. 

TABLE 5 


The (mount buffer solutions used in experunent S 


UEDIUM NEHBER 

KHaP04 

i ou 

E9HF04 
i OM 

REACTION OF IIEDIXTU 


cc. 

cc. 

ps 

1 

50.00 

0.00 

4.2 

2 

48.75 

1.25 

4.8 

3 

47.00 

3.00 

5.2 

4 

45.00 i 

5.00 

5.6 

5 

40.00 

10.00 

6.4 
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From the results presented in tabic 6, we may definitely establish the fact 
that, when the nutrients present in the medium are favorable for the develop¬ 
ment of actinomycetes, the limiting acid reaction, for the majority of strains, 
lies at a pH between 4.8 and 5.2. While some strains (281) may develop to 

TABLE 6 


Growth of A, scabies in synthetic media at various hydrogcfi~ion concentratiofis 



* gr. relative growth; wt. » actual weight of mycelium; pll pH value of culture at 
the end of the partiwlar period. 


a slight extent at 4.8 and, given a long enough period of incubation may even 
make a fair growth at that reaction, others (295) will begin to develop only 
at a much higher point, namely at about pH 5.6. It is quite possible that 
in the first case, the organism is able to change rapidly the reaction of the 
medium to less acid and make conditions more readily favorable for its de- 
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velopment thaa do the other strains. Culture 295 made a rather weak growth 
even under optimum conditions; this is due probably to the fact that this 
strain has lost its power of producing aerial mycelium, perhaps on account 
of long cultivation on artificial media. When a piece of substratum growth is 
inoculated into a flask with medium, conditions have to be very favorable 
for its development, before growth can take place. Aerial spores, however, 
soon germinate and develop into a mycelium, if conditions arc only favorable. 
This is the reason why so many variable results arc obtained with various 
cultures. It is due more to the lengtli of time the organism has been kept 
on artificial culture media than to a difference in strain. WoUenweber (38) 
has obtained such a culture from Amsterdam, this cultme coming originally 
from Dr. Whetzel’s laboratory at Cornell University. Unable to obtain any 
scab on potatoes by the use of this culture, WoUenweber merely suggested 
that it is possible that the American strain does not cause potato scab in 
Gennany. 

The change in reaction of medium to less acid confirms thepreviousob- 
servations. 


Experiment 4 

In addition to the study of the growth of actinomycetes in solution, a series 
of experiments were carried out, in which actinomycetes, chiefly A. scabies, 
were grown in sterile soil previously adjusted to various reactions, with or 
without the addition of organic matter. A greenhouse soil and a Sassafras 
loam were used for this work. A quantity of the two soils were air dried, 
sieved and brought into the laboratory. The total moisture holding capacity 
of these soils was 60 and 30 per cent respectively. During the experiment 
the soils were kept at 60 to 70 per cent saturation unless otherwise stated. 
The soils, with or without the organic matter, were placed, m 100-gm. por¬ 
tions, in 250-cc. Erlenmeyer flasks, moisture was added, and flasks were plugged 
with cotton and sterilized in the autoclave at 15 pounds pressure for 1 hour. 
The flasks were then inoculated with 1-cc. portions of well shaken liquid 
cultures of the proper organisms, 7 to 14 days old, and incubated at 25 to 28® 
for the desired length of time. Sterile water was added, at definite intervals, 
to keep the moisture at an optimum. At the end of the incubation period, 
some of the soil was used for determinations of ammonia. The metliod of 
Gillespie (10) for obtaining the soil solution combined with the colorimetric 
method for the determination of reaction were used. Ammonia was deter¬ 
mined by distillation with MgO into standard acid solution. In some cases 
the Folin aeration method was used; the results checked up fairly well with 
those obtained by the distillation method, but were somewhat lower. Since 
the ammonia formation is given only as an indication of the growth of the 
organisms and is not an absolute value only the results obtained from the dis¬ 
tillation with MgO are reported. 
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In the first experiment, the greenhouse soil was used; the reaction was ad¬ 
justed to various pH values by means of sulfuric acid and CaO. Ten-gram 
portions of soil were placed in beakers, and various amounts of add and CaO 
added. To each sofl 3 cc. of water was added (the add was added in the water 
to make 3 cc.), the beakers covered and allowed to stand 4 to 7 da)^, when 
the pH values were determined. Titration curves for the two soils are given 
in figure 1. 

Ten points were sdected on the curve, so as to give a series of values, rang¬ 
ing from pH 3.0 to pH 9.3. The proper amounts of add and CaO were then 
added to 1-kgm. portions of the soil, the optimum amount of water was then 



Kio. 1. Titration Cur\ts tor the Two Sous 

The hydrogen-ion exponent (pll value) are given as ordinates and the amounts of 2 iV 
add, in cultic centimeters, or powdered CiO, in milligrams, added to 10-gm. portions of 
son, as abscissae. 


introduced and the soils allowed to stand in jars till air-dry. The soils were 
then placed in 100-gm. portions, in flasks, 2 gm. of alfalfa meal or 1 gm. of 
dried blood were then added, the soils were brought to optimum moisture, 
sterilized as usual, inoculated with A. scabies 222 and the three soil Actino¬ 
myces and incubated for 28 days. The flasks were well shaken at the end 
of 7 days, so as to make the inoculation more uniform. The results are given 
in table 7. 

The sterillization influenced to some extent the reaction of the soil, partic¬ 
ularly in the case of the soils made alkaline. In these the reaction became 
less alkaline, probably because of the absorption of the calcium. The limiting 
acid reaction is found to lie at about pH 5.0 to 5.2. While A . scabies produced, 



TABLET 

The influence of reaction upon the growth of acthiomyceies in greenhouse soil 
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at this reaction, only a trace of growth with the alfalfa meal, it made a fair 
growth with the dried blood. This is no doubt due to the rapid decomposi¬ 
tion of the latter, with the formation of ammonia which accounts for the 
change in reaction. As much as fifty per cent of the nitrogen of the dried 
blood has been liberated in 28 da)rs in the form of ammonia by various actino- 
mycetes when the initial reaction was at an optimum. Although the figures 
given imder growth are only relative, the amounts of ammonia formed are 
good indications of actual growth that has taken place. Under these condi¬ 
tions, we find that the optimum reaction for both A. scabies and the saprophy¬ 
tic actinomycetes is at a pH 5.8 to 7.7, while the limiting reactions are pH 
S.O, on the acid side, and pH 8.8, on the alkaline. Above and below these 
two points no growth took place. 

The alkaline limit is so high that it would be impossible to obtain it for 
any practical purposes, without ruining the fertility of the soil and is compar¬ 
able only to black alkali soils. The acid limit is that found by Gillespie and 
Hurst (10,11) for the potato soils of Maine which give good crops of potatoes 
practically free from scab. The application of this limit is not only possible, 
but practical and of immense economic importance. 

Experiment 5 

To eliminate the rapid change in reaction, due to the presence of easily 
decomposable organic matter, the experiment 4 was repeated with sassafras 
soil to which no organic matter had been added. Five strains of A. scabies 
were used. Since the amounts of ammonia formed from the soil organic 
matter were rather small, the actual numbers of actinomycetes were deter¬ 
mined in the flask by the plate method. Of course, we do not get here ab¬ 
solute figures, since no differentiation is made between actinomycetes spores and 
mycelium. The results are, however, striking even with the relative figures. 
The method of plating out is similar to that used in the routine soil bacterilog- 
ical counts, modified egg albumen agar being used for preparing the plates. 
The details of the method are found elsewhere (31). The results are reported 
in table 8. 

The differences found in the liquid cultures are also observed on sterile 
soil. A. scabies 281 makes a fair growth at pH 5.1, while 295 begins to develop 
only at pH 5.3. The rapidity of formation of aerial mycelium accounts for the 
difference in numbers. Cultures 222 and 283 readily form an abundant aerial 
mycelium and gave, therefore, a count of 80 millions per gram, with an opti¬ 
mum reaction. Culture 295, which formed no aerial mycelium in pure culture, 
grew much more slowly and gave a maximum of only 1,500,000 per gram. 
The limiting reaction for the majority of the strains is found at pH S.O. Culture 
281, however, grew at pH 4.8 and others developed only when the reaction 
was distinctly less add, pH 5.3 to S.S. The difference in the strains may also 
account for some of the discrepancies in scab control by making the soil add. 
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THE REDUCTION OR SOIL REACTION BY THE UTILIZATION OR THE OXIDATION 
OR SULRUR BY MICROORGANISMS 

The use of acidic fertilizers, or such that tend to make the soil reaction more 
acid has been recommended. These may do for soils that are add to start 
with and where the amount of scab may be small. In this case the use of 
green manures may suffice to control scab, because organic adds formed in 
the process of the decomposition of the organic matter may be suffident to 
exert a temporary check upon the development of scab. However, this 
addity is not of a lasting nature, since the organic acids are rapidly broken 
down in the soil. 

To be able to control scab in slightly alkaline, neutral or only slightly add 
soils, add has to be added to the soil so as to make the reaction acid enough to 
prevent growth of A. scabies. The direct use of acid is both unpractical in 
method of application and injurious in its action upon the beneficial micro¬ 
organisms, A substance has to be added which gradually becomes add. 
Such a substance is sulfur, which will be oxidized to sulfuric add, provided 
the proper sulfur oxidizing organisms are present. 

A brief review of the literature on the use of sulfur for the control of potato 
scab has been given above. We might dte here two typical experiments 
w'hich have a direct bearing upon the problem at hand, 

Wheeler, Hartwell and Moore (37) found that by applying sulfur at the rate of 600 pounds 
per acre in 1896, no benefit was obtained in limiting scab, in several instances, although it 
seemed to have been of some value in other cases. When 300 pounds of sulfur per acre were 
applied again to the same soil in 1897, the number of scabbed tubers was reduced 9 per cent 
and the number of badly scabbed ones, 31 per cent. They suggested then, quite correctly, 
that sulfur is oxidized in the soil to sulfuiic acid and the germicidal action of the sulfur was 
probably caused by this acid; therefore, a given amotmt of sulfur would be expected to exert 
a more marked influence as a preventative of scab on a natural or ^htly alkaline soil than 
on one which was very alkaline or which contained such large quantities of carbonates as 
not to be materially affected by the limited amount of acid produced. However, they pointed 
out tliat the application of sulfur to soils, for preventing potato scab regardless of the charao 
ter of the reaction of the soil is liable to occasionally cause much injury. 

By applying sulfur to soils and studying the resulting reaction Martin (22) found that an 
increase in soil acidity resulting from oxidation of suffur led to a marked decrease in the 
amount of scabby potatoes. Where the initial hydrogen-ion concentration of the soil before 
the sulfur application was pH 5.8 or less, the lighter applications 300 to SOO pounds of sulfur 
gave approximately as good control of scab as the heavier applications (700 to 1200 pounds); 
where the initial reaction of the soil was greater than pH 6.0, the heavier applications of 
sulfur gave the best control of scab. 


Ea^perimmt 6 

In a study of the influence of oxidation of sulfur of the soil upon the activi¬ 
ties of the various groups of soil microorganisms, it was found that small 
additions of sulfur, as long as the reaction does not become too acid (not below 
pH S.O), stimulate the growth of microdiganisms as indicated by numbers 
and the decomposition of organic matter. Of course such microdrganisms, 
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like the iutrif 3 dng and nitrogen fixing bacteria, which are active at an optimum 
reaction above pH 6.0 and more, may be slightly injured in their activities 
(this has not been demonstrated yet). But as soon as the reaction becomes 
acid enough to bring down the pH value to less than S.O or 5.2, the relative 
number of actinomycetes to the total bacterial numbers rapidly decreases, 
as indicated by the results in table 9, which represents a typical instance. 


TABLE 9 

The influence of sulfur oxidation upon the relative numbers of bacteria and actinomycetes in 

the soil 


STTUniE APPLIED 

PEB ACRE 

REACnON 

laCROORGANISMS 
PER ORAM 

ACTINOMYCBXES 

Numbers per gram 

Per cent of 
total numbers 

lbs. 

pn 




None 

6.2 

13,600,000 

6,100,000 

44.8 

300 

5.6 

12,600,000 

6,500,000 

51.6 

600 

5.1 

4,800,000 

1,200,000 

25.0 

900 

4.8 

4,000,000 

900,000 

22.5 


Experiment 7 

Several experiments were carried on for the purpose of demonstrating the 
fact that the oxidation of sulfur by a pure culture of ThiobacMm tkiooxidans 
will result in preventing or limiting the growth of pure cultures of A. scabies 
in the same soil. But experiments of this nature are rather difficult to carry 
out. When sulfur and Tk. tkiooxidans are added first to the soil, and the A. 
scabies is introduced only after the oxidation of the sulfur has gone so far as 
to make the reaction of the soil acid enough, no growth of A. scabies will take 
place. This treatment is equivalent to making the soil add by means of 
sulfuric add. When A. scdbies is introduced in the beginning of the experi¬ 
ment, it will make the reaction of the soil alkah'ne enough, particularly in 
the presence of a protein-rich substance like dried blood, to neutralize the 
addity formed from the oxidation of sulfur. This is particularly true of 
sterile soil, where the actinomycetes begin to develop rather rapidly while the 
action of Th. tkiooxidans is dow at fiirst. These experiments are therefore 
not representative of what actually takes place in normal soil. 

An experiment will therefore be reported, in which the greenhouse soil was 
used, both with and without the addition of 1 per cent dried blood. Where 
sulfur was used (100-150 mgm.), it was added to 100-gm. portions of the soil, 
before sterilization, which took place as usual. The rektive amount of growth, 
ammonia content, and the numbers of actinomycetes per gram of sod are 
reported as an index of the activities of A. scabies. The fiasks were inoculated 
with 1-cc. portions of a 14-day old liquid culture of Th. tkiooxidans and A. 
scabies 
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Whenever sulfur was used in connection with Thiolacillm thiooxidans, 
there was found a limitation of the growth of the various strains of A. scabies, 

TABLE 10 


The ittfi/uence of stdfw oxidation by Thiohacilltts tMooxidans upon the deodopment (if A. scabies 


Xa. IHIOOXXDAITS 

A. *?rABii:s 
STlUmNO. 

RriATIVE 

GROWTH 

riKAL REACIION 

NHa IN 

100 GU. SOIL 

ACIINOUYCETES 
PRESENT IN 

1 GM. OP SOIL 

Soil itself 

No sulfur 




PE 

mgm. 


+• 


0 

5.6 

7.3 

0 

+ 

254 

1 

5.9 

7.5 

660,000 

4* 

257 

2 

6.0 

13.6 

13,000,000 

+ 

259 

2 

6.0 

9.7 

14,500,000 

— 

259 

2 

6.0 

14.7 

17,000,000 


0.1 per cent sulfur 


+ 


0 

2.8 

7.1 

0 

+ 

254 


5.8 

7.1 

18,000 

+ 

257 


5.8 

9.5 

0 

+ 

259 


5.8 

7.5 

500,000 

— 

259 

1 1 

5.8 

10.3 

3,000,000 


Scil with 1 per cent dried blood 
No sulfur 


+ 

i 

0 

5.6 

8.7 

0 

+ 

254 

3 

6.7 

42.0 

22,000,000 


254 

3 

7.2 

65.8 

40,000,000 

+ 

257 

3 

7.5 

79.5 

400,000,000 


257 

3 

7.5 

89.6 

100,000,000 

+ 

259 

3 

7.3 

82.0 

100,000,000 


259 

3 

7.5 

82.6 

124,000,000 

0.15 per cent sulfur 

+ 


0 

5.6 

8.6 

0 

+ 

254 

T 

5.8 

12.8 

275,000 


254 

1 

6.0 

23.2 

9,000,000 

+ 

257 

0 

5.6 

8.0 

0 


257 

3 

6.4 

32.3 

17,000,000 

+ 

259 

2 

5.8 

39.0 

5,000,000 


259 

3 

6.3 

56.0 

130,000,000 


* + indicates flasks inoculated with sulfur ozidudng oiganism; —, uninoculated. 


as indicated by numbers and ammonia formation. However, the pH values 
are not those that we would eapect from the previous eiqperimeats. We 
would expect that the reaction, in which the limitation of the growth of A. 
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scabies took place, should be at a pH of 5.0 or less. We find flasks, however, in 
which no growth of A» scabies took place, to have a pH value of 5.6 and even 
5.8. The only explanation for that phenomenon is the very complexity of 
the problem and the fact that there was present such a large amount of organic 
matter. Possibly the sulfuric acid formed from the oxidation of sulfur was 
present on the surface of the soil particles, sufficient to exert a preventative 
action upon the germination and growth of A. scabies. When the soil is 
shaken up with water, for the pH determination, the acid may be rapidly 
neutralized by the buffers present in the soil, in the form of proteins and in¬ 
organic colloids. We wHl be able to answer this complicated problem more 
definitely when our information of the relation between the acid formation 
and surface phenomena of the soil as well as the diffusion of the acid will be 
more extended. 

The important conclusion to be drawn from this experiment is the fact 
that the presence of sufficient sulfur with the sulfur oxidizing bacterium can 
prevent the development of Actinomyces species that cause potato scab. 

INEIXJENCE OE SOIL TYPE, MOISTOEE, ETC., OTON THE DEVELOPMENT OP ACTINO- 

MYCES SCABIES 

According to WoUenweber (38), scab is not abundant in heavy loam and clay soils and 
humus-rich moor soils. Light sandy soils, especially in dry years are inclined veiy favorably 
to scabbiness. Millard (25) called attention to the fact that peat soils are usually free from 
scab, while in sandy or gravelly soils, especially where these have been liberally supplied with 
lime, the disease is prevalent. He explains this by the fact that the introduction of fresh 
organic matter remedies this defect since it serves as a food (acting as a decoy for the fungus), 
thus the potato escapes the attack. 

It would seem to be rather contradictory to observations of those who studied the activities 
of actinomycetes in the soil. Conn (3), W^sman (31), Elrainsky (16) found them to be quite 
abundant in soils rich in organic matter. Of course, the observation of Millard (25) that the 
organic matter serves as a sort of decoy for the A . scabies is untenable, both from the princi¬ 
ples underl>dng activities of microorganisms and from available data. 

The very accurate studies of Gillespie and Hurst (10) on the Caribou and Washburn soil 
types in Maine would seem to point to just the opposite results from the observations of the 
other investigators. The Washburn loam which, due to its low situation, favors an accumula¬ 
tion of muck and peat, is much more subjected to infection by A, scMes, Gillespie and 
Hurst pointed out quite accurately that the reasons for this difference are to be looked for 
in the difference in soil reaction as measured by the hydrogen-ion concentration. No attempt 
in this direction has been made by either the German (38) or the English (25) investigators. 

We must also keep m mind that, in the presence of an abundance of or¬ 
ganic matter, there is an abundant development of fungi and acid producing 
bacteria. These may produce enough acid from the decomposition of the 
organic matter to limit the growth of A. scabies. As a matter of fact, in 
slightly add soils, a small amount of scab may be controlled by the use of 
green manure, which is rapidly decomposed by various soil microdrganisms 
with the formation (temporary probably) of suffident organic adds to control 
scab. 



SOIL REACTION AND GROWTH OE ACTINOMYCETES 


77 


As to the influence of moisture and soil t 3 ^e, a brief summary of experiments 
carried on for that purpose will suflSce here. 

The optimum condition for the growth of various strains of A, scabies is 
found at a moisture content of about 60 to 6S per cent of the maximum mois¬ 
ture holding capacity of the soil. This optimum is not much different from 
that commonly employed as the optimum for the activities of soil bacteria 
and fungi. 

When various amounts of sand were added to a medium loamy soil, the 
best growth of A. scabies was obtained with the mixture containing 25 per 
cent of sand. Upon a further addition of sand, growth rapidly decreased, 
till, in pure sand, the amount of growth (as indicated by Ae formation of 
ammonia from dried blood) was less than one-fourth that in the soil itself. 

SUMlilARY 

1 . The limiting acid reaction for the growth of Actinomyces scaUes in cul¬ 
ture solutions, properly buffered, and in soil, varies with the strain. For the 
majority of strains, the limiting acid reaction is about pH 5,0-S.2; some strains 
may grow even at pH 4.8, while others will begin to develop only at pH 5.3- 
5.6. These results bear out, in the main, the results of Gillespie. 

2. The saprophytic soil actinomycetes seem to be more acid resistant than 
A. scabies strains. 

3. By the use of the proper amount of sulfur inoculated with ThiobaciUus 
thiooxidanSf an acid reaction is obtained which will control the growth of 
A. scabies in the soil. 
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INTRODTJCTORY 

In 1909, Fischer (8) published a paper in which he came to the conclusion 
that we do not possess as yet a proper method for a bacteriological analysis 
of the soil, and that we have no proper information as yet for the interpretation 
of the fertility of the soil from a bacteriological point of view. Were we to 
consider that same question today, we should have to come to the same con¬ 
clusion. All attempts to interpret crop production! from a microbiological 
point of view have not been rich in consequences and some investigators, who 
have considered a few of the methods carefully, such as bacterial numbers, 
ammonification, denitrification, etc., have come to the conclusion that they 
are practically worthless for the interpretation of soil fertility. The only 
exception to this statement may be found in some of the recent investigations 
on nitrification. 

This lack of definite information and the unreliability of the information 
that we do possess is due to a number of factors, chief among which is the lack 
of standard methods employed. Not only do the methods used at present in 
soil microbiological research vary in the various laboratories and different 
importance is attached to them, but samples taken from the soil and treated 
by the same methods in the same laboratory arc often found to give varying 
results. This may bo due to a number of factors: 1. The methods employed 
in the various laboratories arc not standardized. 2. The work is usually 
carried out with very few unrepresentative samples taken from a small area. 
3. The soil is considered as constant and usually no allowance is made for the 
variations between the different samples. 4. The small amount of exact 
information that we possess on the microbial flora of the soil and their activities* 
5. Very little attempt is usually made to consider the soil micro-flora and its 
activities as a whole,—ordinarily, only isolated phenomena are considered. 
This can well be illustrated by the fact that nitrogen metabolism of bacteria is 
usually considered without a study of the carbon metabolism, as in the case* 

^ Paper No. 56 of the Journal Series, New Jersey Agricultural Experiment Stations, 
New Brunswick, N. J. This paper will appear in Rutger’s College Studies, voLl. 
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of the so-called ainmonification studies. 6. Last but not least, the fact that 
the soil is usually considered in the static condition of equilibrium, so far as 
soil microorganisms are considered, while it is actually in a dynamic condition, 
with the equilibrium continually shifted. This can be readily illustrated by 
referring to the well known Rcmy method, wherein a small quantity of soil is 
added to a definite amount of a sterile solution of known composition, then 
measuring the change that has taken place. This method is good enough for 
measuring the strength or activity of an imchangeable substance whether of 
chemical or biological origin (as in the case of erizymes), where the reaction is 
mono-molecular as far as the substance in question is concerned. In the case 
of a living soil flora, this method is entirely at fault, since the reaction is bi- tri-, 
and poly-molecular. It is assumed that the microbrganisms do not multiply 
during the process of the reaction,—^actually they not only multiply rapidly 
but some organisms utilize the products of others, with a host of antagonistic 
and stimulating substances formed in the process of the reaction, complicating 
greatly the study of the individual phenomena. 

It was, therefore, deemed of greatest importance to take up first a study of 
the various functions used in the study of soil microbiology and interpret the 
results not only from a microbiological, but also from a chenaical and physico¬ 
chemical viewpoint and particularly to investigate the variability of the methods 
themselves and of the soil as far as the function in question is concerned. The 
first 3 papers of this series deal with the question of numbers of soil micro¬ 
organisms, as determined by the plate method, and their relation to soil fertility. 

THEORETICAL 

In a bacteriological examination of the soil, the investigator is usually 
satisfied with a small number of samples taken from a limited area and regards 
the results obtained from a composite mixture of these samples, as accurate 
for the whole field. The variation between the samples, however, is of great 
enough importance to require very careful consideration. If this holds for an 
examination of the chemical soil constituents and crop production, it applies 
more so to a bacteriological soil analysis, where the very methods employed 
involve large errors which are usually not considered. The importance of 
calculating the mathematical error involved in an investigation has been 
recognized not only by the astronomer, physicist and chemist, but by the 
biologist as wdl. This allows us to judge not only the exactness of our investi¬ 
gation but also, when, on repeating the experment we obtain a different set 
of data, we could find out whether this change is only within the limits of error 
of the investigation or involves some new effect, which causes the change in 
the results. 

There are only few reports on record dealing with the calculation of the 
mathematical error involved in the study of bacteriological activities in the 
soil, of which the two most important ones are those of Budinov (4) dealing 
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with bacterial numbers in general and of Waynick (12) dealing with nitrifica¬ 
tion. Other attempts have been made to get some information on the vari¬ 
ability in the actvities of rnicrobrganisms, but they either dealt with a function 
of doubtful importance in interpreting soil phenomena, e.g., ammonification, 
or no mathematical mterpretation was attempted or both, as by Allison and 
Coleman (1). 

Although this paper deals only with a study of numbers of microorganisms, 
the formulae presented are readily applied also to the variability in the study 
of other functions. The author felt justified in developing the formulae in 
this paper in view of the fact that it has not been done in any paper (except 
that of Budinov (4)) dealing with bacterial numbers and activities and even 
in the standard reference texts on statistics, such as that of Davenport (6). 
The need for the presentation of the derivation of formulae used in the mathe¬ 
matical interpretation of results became apparent, when, on examining the 
various texts, it was found that the statistician and mathematician used different 
formulae for calculating the average deviation. Davenport, for example, gives 



while Mellor (10) uses the formula 

JJF 

1 

This may lead to a great deal of confusion, particularly in agricultural literature. 
Davenport does not state the method of the derivation of the particular formula 
and the justification for its use. In deriving the formula for the probable error 
of the mean, Davenport (6), Wa 3 mick (12), and others state that this is obtained 
by dividing the average deviation by the square root of n, which would make 

■Eot = ± 0.6745 V 

in(n — 1) 

which would be the case only when the second formula for the average deviation 
is used. 

The author has been assisted in developing the formulae for the average 
errors by the standard treatises on the theory of errors and methods of least 
squares by Bartlett (3), CarvaUo (S), Woodward (14), and the more special 
texts, but particularly by a paper of Budinov (4), which appeared in 1910, 
in Rtissian, and which seemed to have escaped the attention of both European 
and American investigators. 

To determine bacterial numbers in the soil, three methods are available: 
1, the plate method; 2, the dilution method; and 3, the direct counting method. 
These methods are discussed in detail in the following paper and reasons are 
presented for selecting the plate method as the best one, under the present 
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conditions. The limitations involved in the use of this method as well as 
details in technic will be fully discussed in that paper, so that we may limit 
ourselves here only to the method of the mathematical interpretation of the 
results. In brief, the soil samples are brought into the laboratory and are 
diluted with sterile tap water to give dilutions of 1:10,1:1000 and 1:100,000; 
the first dilution is shaken for just 5 minutes by hand, the last dilution is used 
for the preparation of plates, in such a manner as to allow 40-200 colonies to 
develop on a plate. 'Vl^re the soil is known to run much higher or much lower 
in numbers, the dilutions are made accordingly. Synthetic agar (egg-albumen) 
is used as a culture medium. The plates are incubated 7 da 3 rs at 25°C., unless 
otherwise stated. 

To count bacteria on the plate, three methods are commonly employed: 
(1) counting with the naked eye all the colonies on the plate, (2) use of counting 
plate, (3) use of microscope. The first is the most reliable and involves the 
least error. Of course where a large number of colonies are allowed to develop 
on the plate, which would necessitate the use of the counting plate or even the 
microscope there is greater probability of obtaining a greater variety of repre¬ 
sentative soil forms, and the errors involved in making high dilutions would 
be to some extent eliminated. The advantage is more than compensated by 
the fact that there is a great competition for the nutrients on the plate, and 
with lower dilutions, comparatively fewer bacteria will develop, as will be 
brou^t out in the following paper. To get a representative average, with the 
method of counting aU bacteria on the plate, many plates have to be used. 
This as wdl as the fact that the counting of all the bacteria on the plate depends 
also a great deal on the sharpness of vision of the individual observers led 
various investigators to adopt one of the two other methods. 

Since only the method of counting all colonics on the plate has been used in 
the experiments reported in this paper, we will limit oursdves primarily to a 
discussion of the errors involved in this method of counting. Some attention 
will also be given to the use of the counting plate, while the counting by means 
of the microscope wifi, be omitted from this discussion. The mathematical 
considerations involved in the three methods of counting arc quite similar, 
with only slight modifications. A mathematical interpretation of esperimcntal 
results in the growth of plant is found in the papers of Wood (13), Wood and 
Stratton (14) and Davis (7). The tables given by Davenport (6) and Barlow (2) 
have been used in calculating the results. 

Each set of observations involves occasional and constant errors, positive 
and native from the mean. The occasional errors are eliminated as much 
as possible by the use of improved methods. The error of an observation is 
the difference between the result of the observation and the true value of the 
quantity. If the observation is s, the quantity measured q, the error *, then 

x = 5 — q 

The most probable value, which is the closest approximation to the true value 
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that could be obtained from the series of observations is calculated by means 
of the method of least squares. 

If the same quantity is measured many times and each time we obtain the 
difference (or residual) between the observed quantities and the mean value, 
then, by dividing the sum of the differences (residuals) by the number of obser¬ 
vations, we obtain the mean arithmetical error. The residual bears the same 
relation to the true error that the most probable value bears to the true value. 
With the increase in the number of observations, the most probable value 
approaches the true value, while residuals approach the corresponding true 
errors. In this case, the limit of the error is 0, since the positive and negative 
declinations from the mean are occasional errors, not coimting, of course, the 
constant errors. 

If n plates are used for malring a quantitative bacteriological count of a 
given soil, a is the number of colonies developing on the plates, s? is the true 
value, while Zn is the most probable value obtained from counting n plates, 
or the arithmetical mean value, then we have 

2 a 

K = — 

» n 

In other words, the mean (Sn) is found by dividing the sum of all the deter¬ 
minations by the number of determinations. Since the true value is s, each 
detennination varies from the true value by 


= S — (l\\ Z Gz * • • • 


If 

then 


z 



Ha . 21x 
n n 


= Sf„ + A2 


x^ — z^ 

n n 


A 2 is the error of the mean from the true value of the given quantity. In 
view of the fact that the error can be either positive or negative, the error of 
the mean squared can then be expressed as the square of the sum of the errors 
divided by their number. 


(A 




±Xi±Xz±:Xz 


dbmV 


n 


J 


By expanding and combining this equation, we find 


(As)* = 


"Zs? 

»* 


as »increases indefinitdy. The average error of a single observation from the 
arithmetical mean or standard deviation (<r) is usually assumed to be equal to 

in that case As= The standard deviation is a measure of the relia- 

n Vw 

bility of any one result; the chances are even that any one detennination taken 
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at random ^7211 differ from the average by this deviation. In other words, the 
error of the mean (A«) is inversdy proportional to the square root of the number 
of observations; the error of the mean of 100 observations will be 10 times less 
than the average enor of single observations. The laws of chance cannot be 
expected to give normal results with small numbers, therefore, the larger the 
number of observations, the more reliable is the average obtained. This holds 
true, in the following investigations, both for the number of plates used in 
counting microdrganisms and for the number of soil samples taken from one 
particular plot. 

Since we know only the arithmetical mean (z») and not the true value (s), 
we have 

z = z^ + Az, then 

+ A s — = (z^ — Oi) A a 

ai = + As — 02 = (s„ — flj) + Aa 


+ ~ ~ + As 

By squaring and adding we find 

S ac* = S (a„ — o)® + »As® 

Dividing the above equation by n, 

Hz? SCs.-o)® 

* • + As* 


Substituting c? for the first part of the equation and for A a, we find that 


•\/» 


2 ) (s — o)® <r 2 

= -i+_ or 

n n 


<r 

Aa 


“ «-l ’ 


-4 


»(»—!) 


therefore 


The average deviation is thus found to be different from that originally assumed. 
The probable error of the individual observation or arithmetical mean is obtained 
tqr multiplying the above formulae by ± 0.6745: 

Em = ± 0.6745 

* » (W — 1) 

Since for a single observation, \/n = 1, the probable error is 


-Sjf — dz 0.6745 X (T 
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Approximately two-thirds of the determinations are expected to lie on both 
sides of the mean, within that deviation. 

The probable error of the standard deviation is obtained from the formula 

<T 

±0.6745 The coefficient of variability (C.V.) according to Davenport (6) 

is the percentage ratio of the standard deviation (<r) from the mean. The 

C.V. 

probable error of the coefficient of variability = ±0.6745 By the use 

of formulae for the calculations of the errors of observation, we can now figure 
out the error of the mean arithmetical value of the plate counts. The formula 
used for the standard deviation in the following investigations, is the second 
derived formula, namely 

(I) 

* « — 1 

However, for comparison with the work based on Davenport’s formula, a formula 
is given whereby the results obtained from the derived formula (1) can easfly be 
transformed into results that would be obtained by using the Dav^port 

formula (2); m (in other words <r, according to Davenport) = o “w -— 

1 fl 

(<r) = 


( 2 ) 


m I 


S -«) 


n 


If JV' is the total number of colonies, a the number on each plate, and u the 
amoimt of dilution, then 

N — cm 


In the mathematical interpretation of the results obtained by any soil bac¬ 
teriological function, we must consider two sets of variables: that of the soil 
and ttmt of the method. Both of these are of equal importance: the first has 
been well illustrated in the nitrification studies of Waynick (12) and the second 
in the mathematical analysis of the quantitative determination of bacteria in 
milk by Budinov (4). Waynick (12) dealt with the question of nitrification, 
and the method commonly employed gives rather constant results, although 
something will have to be said about the actual true value of the method as 
interpreting a biolo^cal function. In the study of such a function as the 
determination of bacterial numbers in the soil, the method itsdf, as pointed 
out above, is quite a variable factor,—^it should therefore be considered first, 
before the variability of the soil itself, as far as numbers of microbrganisms 
are concerned is considered. 


VASIASniTV O; THE ELATE METHOD EOE COtrNTING SOIL IHCKOOEGAHISMS 

For the study of the variability of the method, a sample of soil was taken 
from a quantity of soil kept under optimum moisture conditions for the last 
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eight months. A dilution of 100,000 was made and 62 plates were poured. 
A few plates were also prepared from a dilution of 1,000 of the same soil. 
The plates made from the first dilution were used for the variability of the 

TABLE 1 


The use of the counting plate in determining the numbers of microUrganisms in the soil, by the 

plate method 


COLONICS 

(an — a) 


COLONICS 

(sn - o) 

(zn — a)* 

SI 

+17.4 

302.76 

31 

- 2.6 

6.76 

56 

+ 22.4 

501.76 

17 

- 16.6 

275.56 

48 

+ 14.4 

207.36 

20 

- 13.6 

184.96 

59 

+ 2S.4 

645.16 

19 

- 14.6 

213.16 

52 

+ 18.4 

338.56 

19 

- 14.6 

213.16 

41 

+ 7.4 

54.76 

22 

- 11.6 

134.56 

39 

+ 5.4 

29.16 

24 

- 9.6 

92.16 

34 

+ 0.4 

0.16 

36 

+ 2.4 

5.76 

36 

+ 2.4 

5.76 

44 

+ 10.4 

108.16 

29 

- 4.6 

21.16 

57 

+ 23.4 

547.56 

33 

- 0.6 

0.36 

41 

+ 7.4 

54.76 

24 

- 9.6 

92.16 

49 

+ 15.4 

237.16 

25 

- 8.6 

73.96 

42 

+ 8.4 

70.56 

14 

- 19.6 

384.16 

38 

+ 4.4 

19.36 

23 

- 10.6 

112,36 

26 

- 7.6 

57.76 

18 

- 15.6 

243.36 

29 

- 4.6 

21.16 

19 

- 14.6 

213.16 

28 

- 5.6 

31.36 

23 

- 10.6 

112.36 

24 

- 9.6 

92.16 

35 

+ 1.4 

1.96 

32 

- 1.6 

2.56 

43 

+ 9.4 

88.36 

34 

+ 0.4 

0.16 

19 

- 14.6 

213.16 

23 

- 10.6 

112.36 

28 

- 5.6 

31.36 

22 

- 11.6 

134.56 

52 

+ 18.4 

338.56 

16 

- 17.6 

309.76 

55 

+ 21.4 

457.96 

31 

- 2.6 

6.76 

36 

+ 2.4 

5.76 

24 

- 9,6 

92.16 

49 

+ 15.4 

237.16 

27 

- 6.6 

43.56 

47 

51 

+ 13.4 

+ 17.4 

179.56 

302.76 

2016 * 

- 5.0 

8357 . 40 *^ 

33 i 

36 

- 0.6 
- 2.6 

0.36 

6.76 

Mean 

** 33.6 ± 1 . 0 ; 

5 

34 

+ 0.4 

0.16 

0* 

= ± 11.9 ± 0.74 

34 

+ 0.4 

0.16 

c, r. 

« 35.4 ± 2.18 per cemt 

26 

- 7.6 

57.76 

Az 

« ± 1.53 


39 

+ 5.4 

29.16 

Em 

» 3,06 per cent 


* Totals of both columns. 


method by counting all colonies, while the plates obtained with the low dilu¬ 
tion were coimted utilizing the counting plate. 

In this study all the colonies, besides the fungi, were counted without any 
attempt made to differentiate between the bacteria and actinomycetes. 
Table 1 contains the results obtained from the use of the counting plate. The 
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microorganisms were so numerous, that they were counted at the end of 
3 days. 

When the plates are counted by means of the counting plate, we must 
keep in mind that we have to trust the firm preparing the plate, in its accuracy. 
The method of calculating the error applies to this method in a way similar 
to the one worked out for counting the whole plate, only here we count various 
sections of the plate. 

The first column represents the number of colonies, the second, (zn-a), gives 
the errors obtained by subtracting the individual counts from the arithmetical 
mean, the third column, (zn-aY, contains the squares of the errors. 

The average of the 60 counts on the plate is 33.6. The sum of the squares 
is foimd to be 8,357.40, therefore the average deviation is, for each count: 




^8,357.40 


C.F.= 


11.9 X 100 


33.6 


- = 35.4 per cent 


±11.9 


The error of the mean observed value is 


As = -^ = ±1.53 
V» 

The most probable error is then equal to 

Em = ± 1.53 X 0.6745 = ± 1.03 = 3.06 per cent 

Since the number of the sections on the plate was 60 and the dilution 1000» 
the total number of microSrganisms, exclusive of fungi, obtained by this 
method is 1000-60-(33.6 ± 1.03) = 2,016,000 ± 61,800 per gram of moist soil. 

It is interesting to note that the sample gave in the same period of incu¬ 
bation, an average of 561 colonies with 10,000 dilution and 64 colonies with 
100,000 dilution. 

The second experiment deals with the variability involved in the use of a 
large number of plates, with a dilution commonly employed in determining 
the numbers of microorganisms in the soil, whereby only between 40 to 200 
colonies arc allowed per plate, and a long enough period of incubation is 
employed to allow a maximum development of microSrganisms. Tables 2 
and 3 contain the counts made on the same soil used in the previous experi¬ 
ment, with a dilution of 100,000. The plates were incubated for 7 days 
at 25-27®C. 

In counting the colonies devdoping on the plates, first all colonies, except 
fungi, were counted, then the actinomycetes were determined sqparatdy. 

The arithmetical mean of aU the 62 plates, considering at first the bacteria 
(in other words, bacteria-f-actinomycetes) is 73.68. 
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18458.5488 
1 61 

11.78 X 100 
“ 73.68 


± 11.78 

= 15.99 per cent 


As 


4 , 

V» "v/m 


±1.50 


Em = ± 1.50 X 0.6745 = ± 1.012 = 1.36 per cent 


The total number of microorganisms, exclusive of fungi, is then found to 
be (73.68 ± 1.012) X 100,000 = 7,368,000 ± 101,200, without considermg 
the moisture of the particular soil. 

When the coefficient of variation and the most probable error of the two 
methods of counting bacteria are compared, we find that it is less than a half, 
by the use of a large number of plates and counting all colonies, than in the 
case of counting the colonies on the Petri dish by means of a counting plate. 
For this reason and other reasons given above, the method of making high 
dilutions, using a large number of plates and counting all the colonies on the 
plate is to be preferred. 

When the actinomyces colonies are considered, we find the arithmetical 
mean to be 24.85. 




1149.6950 
61 


= ±4.34 


4.34X100 

C.V. = —— = 17.47 per cent 


Az = ^ = ±0.S5 

V62 

Em = A 0.55 X 0.6745 = ± 0.371 = 1.50 per cent 

The C. V, and most probable error are found to be for actinomycetes 
somewhat higher than that for the number of bacteria plus actinomycetes. 
A possible explanation for that will be suggested below. Attention may be 
called here to the work of Johnstone (9) on the probable error involved in a 
bacteriological analysis of the fecal pollution of ^dl fish. The frequency 
curve obtained was highly as 3 nnmetrical. A dilution of 250 cc. was prepared 
and 20 plates were counted. The highest frequency ran with the lowest 
counts. Since the calculation of the probable value of a measure presupposes a 
symmetrical distribution (Gaussian), it is not legitimate to apply the probable 
error to a highly asymmetrical distribution. Michael (10) suggests that in 
that case some influence other than “chance” is operative, and a function 
should be substituted whose distribution is Gaussion, which will enable the 
separation. The function suggested is the logarithmic value. The most prob- 
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able number of the bacteria will then be not the arithmetical mean, but the 
geometric mean. This may be true enough, but another error is overlooked, 
namely the use of too high a dilution, which allows too few bacteria to develop 

TABLE 2 


The variability of numbers of bacteria in the soU os determined by the common plate method 


COLONIES 

Csn — a) 

Gn — a)* 

COLONIES 

(sn — a) 

G» — a)* 

69 

- 4.68 

21.9024 

60 

-13.68 

187.1424 

74 

+0.32 

heeh 

62 

-11.68 

136.4224 

71 

- 2.68 

7.1824 

99 

+25.32 

641.1024 

69 

- 4.68 

21.9024 

94 

+20.32 

412.9024 

64 

- 9.68 


81 

+ 7.32 

53.5824 

71 

- 2.68 

7.1824 

86 

+12.32 

151.7824 

67 

- 6.68 

44.6224 

75 

+ 1.32 

1.7424 

56 

-17.68 

312.5824 

85 

+11.32 

128.1424 

59 

-14.68 

215.5024 

67 

- 6.68 

44.6224 

68 

- 5.68 

32.2624 

74 

+ 0.32 

0.1024 

73 


0.4624 

97 

+23.32 

543.8224 

87 

+13.32 

177.4224 

88 

+14.32 

205.0624 

70 

- 3.68 

13.5424 

83 

+ 9.32 

86.8624 

75 

+ 1.32 

1.7424 

60 

-13.68 

187.1424 

77 

+ 3,32 

11.0224 

71 

- 2.68 

7.1824 

68 

- S.68 

32.2624 

72 

- 1.68 

2.8224 

76 

+ 2.32 

5,3824 

66 

- 7.68 

58.9824 

84 



74 

+ 0.32 

0.1024 

76 

+ 2.32 

5,3824 

68 

- 5.68 

32.2624 

106 

+32.32 

1044.5824 

81 

+ 7.32 

53.5824 

74 



67 

- 6.68 

44.6224 

81 

+ 7.32 

53.5824 

89 

+15.32 

234.7024 

76 

+ 2.32 

5.3824 

69 

- 4.68 

21.9024 

98 

+24.32 

591.4624 

87 

+13.32 

177.4224 


- 3.68 

13.5424 

78 

+ 4.32 

18.6624 

52 

-21.68 

469.0224 

62 

-11.68 

136.4224 

63 

-10.68 

114.0624 

55 

-18.68 

348.9424 

59 

-14.68 

215.5024 




72 

- 1.68 


4568* 

+ 0.84 

8458.5488* 

73 



HBHBI 



51 

-22.68 

514.3824 

Mean - 73.68 ±1.01 


74 

+ 0.32 


(r = 11.78 ±0.72 


56 

-17.68 

312.5824 

C. V. »15.99 d= 0.97 per cent 

83 

+ 9.32 

86.8624 

Ae =fc 1.50 


76 

+ 2.32 


JSw ** 1.36 per cent 



* Totals of both columns. 


on the plate. It will be pointed out in the following paper (as shown also 
by other investigators) that the nmnber of bacteria allowed per plate should 
be between 40 and 200. Where larger numbers of colonies develop, there is 
apt to be overcrowding; with fewer numbers, the samples are apt to be unrepre- 
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sentative. Out of the 20 plates used by Johnstone (9), 19 contained less than 
30 colonies per plate; this accounts for the fact that an asymmetrical curve 
has been obtained and accounts for the influence other than “chance” men¬ 
tioned by Dr. Michael (11). 

TABLE 3 


The variability of nmibers of actinomyceles in the soil as determined by the common plate metiwd 


COLONIES 


Gn — «)* 

COLONIES 

(an — fl) 

Gfi — ft)* 

21 

-3.85 

14.8225 

18 

- 6.85 

46.9225 

23 

-1.85 

3.4225 

. 24 

- 0.85 

0.7225 

29 

+4.15 

17.2225 

27 

+ 2.15 

4.6225 

28 

+3.15 

9.9225 

27 

+ 2.15 

4.6225 

20 

-4.85 

23.5225 

23 

- 1.85 

3.4225 

23 

-1.85 

3.4225 

32 

+ 7.15 

51.1225 

18 

-6.85 

46.9225 

28 

+ 3.15 

9.9225 

25 

+0.15 

0.0225 

33 

+ 8.15 

66,4225 

26 

+1.15 

1.3225 

24 

- 0.85 

0.7225 

19 

-5.85 

34.2225 

18 

- 6.85 

46.9225 

25 

+0.15 

0.0225 

28 

+ 3.15 

9.9225 

24 

-0.85 

0.7225 

27 

+ 2.15 

4.6225 

23 

-1.85 

3.4225 

22 

- 2.85 

8.1225 

24 

-0.85 

0.7225 

32 

+ 7.15 

51.1225 

28 

+3.15 

9.9225 

23 

- 1.85 

3.4225 

26 

+1.15 

1.3225 

26 

+ 1.15 

1.3225 

30 

+5.15 

26.5225 

26 

+ 1.15 

1.3225 

21 

-3.85 

14.8225 

25 

+ 0.15 

0.0225 

20 

i -4.85 

23.5225 

31 

+ 6.15 

37.8225 

28 

+3.15 

j 9.9225 

24 

- 0.85 

0.7225 

23 

i -1.85 

3.4225 

34 

+ 9.15 

83.7225 

22 

-2.85 

8.1225 

29 

+ 4.15 

17.2225 

25 

+0.15 

0.0225 

38 

+13.15 

172.9225 

28 

+3.15 

9.9225 

31 

+ .6.15 

37.8225 

23 

-1.85 

3.4225 

26 

+ 1.15 

1.3225 

18 

-6.85 

46.9225 

28 

+ 3.15 

9.9225 

20 

-4.85 

23,5225 

25 

+ 0.15 

0.0225 

22 

23 

-2.85 

-1.85 

8.1225 

3.4225 

1541* 

+ 0.30 

1149.6950* 

19 

24 

-5.85 

-0.85 

34.2225 

0,7225 

Mean = 

24.85 d= 0.37 


18 

-6.85 

46.9225 

tr “ 

4.34 + 0.27 


23 

-1.85 

3,4225 

C. V. = 

17,47 + 1.14 


24 

-0.85 

0.7225 

A 2 » 

+0.55 


19 

-5.85 

34.2225 

Eni = 

1.50 per cent 



* Totals of both columns. 


vAEiABiury or the soil in relation to nitubers or mcaioQRGANiSMS 

To study the variability of the soil itself as far as bacterial numbers are 
concerned, a field plot was selected. The plot is one of the experimental 
plots at the College Farm at New Brunswick, used by the Soil D^artment 
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of this station for the study of utilization of nitrogenous fertilizers. The 
particular plot received annually for the last 14 years, 320 pounds NaNOs 
per acre, in addition to minerals. An outline of the plots and the rotation 
of crops used will be found in the following paper. In 1921, the plot was in 
timothy. Samples were taken 2 to 3 weeks after the crop had been harvested. 

TABLE 4 


Bacterial colonies in Ihc upper 6 inches of soU of Plot PA, dilution: 1-100,000, and moisture 

content of samples 


NUMBER 

OP 

vSAMPLE 

COLONIES 

MOISTURE 

CONTENT 

NUMBER 

OP 

SAMPLE 

COLONIES 

MOISTURE 

CONTENT 




per cent 



per cent 

1 

97.0 ± 

2.65 

12.3 

30 

186.8 =b 6.27 

12.5 

2 

99.2 =b 

3.34 

12.1 

31 

128.3 db 5.74 

14.5 

3 

86.3 ± 

4.50 

12.3 

32 

148.8 ± 3.71 

13.6 

4 

161.0 ± 

6.88 

13.2 

33 

116.7 ± 5.53 

13.7 

5 

132.2 zb 

7.35 

14.3 

34 

112.8 =b 5.50 

13.4 

6 

119,4 =h 

5.84 

14.3 

35 

138.5 =b 4.40 

11.8 

7 

102.5 ± 

4.39 

13.7 

36 

146.6 d= 4.01 

12.9 

8 

121.2 ± 

5.96 

13.5 

37 

181.8 db 1.58 

12.6 

9 

111.8 ± 

7.52 

12.9 

38 

151.5 =b 3.25 

12.6 

10 

133.7 ± 

3.13 

13.2 

39 

175.4 =fc 5.26 

13.0 

11 

146.2 ± 

2.17 

13.2 

40 

132.7 ± 3.79 

12.4 

12 

118.0 ± 

5.34 

13.6 

41 

99.3 =fc 2.01 

12.8 

13 

135.0 ± 

6.42 

13.5 

42 

86.5 ±3.64 


14 

136.8 ± 

5.15 

12.2 

43 

95.7 ± 3.08 

11.1 

15 

164.7 ± 

3.75 

13.6 


89.7 ± 4.71 

11.1 

16 

120.0 =h 

3,86 

12,5 


107.7 ± 2.27 

10.7 

17 

132.2 d= 

3.44 

13.2 


113.7 ± 6.79 

12.2 

18 

177,8 d= 

7.34 

14.8 


109.3 ± 3.93 

11.8 

19 

189.8 zb 

6,76 

12,9 


96.8 ± 4.68 


20 

111.5 ± 

4.81 

13,2 

49 

89.5 ± 2.96 

13.2 

21 

125.5 =b 

6.49 

12.1 

SO 

164.6 ± 2.63 

11.3 

22 

101.3 d= 

3.29 

11.6 

51 

112.5 ±7.44 

12.8 

23 

' 226.8 d= 11.82 

13.3 




24 

167.6 =b 

8.11 

13,1 

Mean-128.9±2.97 

12.8 zb 0.09 

25 

111.2 db 

5.14 

11.6 

<r=31.5 =b2.1 

0.9 dz 0.10 

26 

100.3 =b 

7.74 

11.4 

C, F.“24.44± 1.63 per cent 

7.66 

27 

92.8 =fc 

3.12 

12,8 

A S’ 

=>=b4.4 

zb0.14 

28 

118.2 ± 

3.60 

14.4 

Ejn-’ 

«2.30 per cent 

0,7 

29 

147.7 ± 

2.06 

14.3 





Several rather heavy rainfalls preceded the sampling of the plot by about 
a week. 

The plot is of an acre in size, 66 x 33.3 feet. The samples were taken 
by means of a 1-inch sampling tube to a depth of 6i inches, 3-4 feet from the 
edge, and about 5x8 feet apart, 6 rows in width and 8 rows in length. The 
soils were plated out soon after they were brought into the laboratory, six 
plates were used for each sample. A larger number of plates should have 
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been used, but, in that case, not all the samples could have been plated out 
in one day; it was thought that the error involved in plating out the diEFerent 
samples on the different days would be greater than the use of a smaller 
number of plates. Due to lack of space, only the arithmetical mean for each 
sample is reported in the columnst The results and the moisture content of 
the samples are given in table 4. The extremes in numbers of microorganisms 
(bacteria and actinomycetcs) are found to be 86.3 dh 4.50 and 226.8 db 11.82 
colonies, which represent 8,630,000 dz 450,000 and 22,680,000 d= 1,182,000 per 
gram of moist soil. Were the results for bacterial numbers in all the other 
nitrogen plots reported here (see following paper), they would be found to 
come, with one or two exceptions, within this range. In other words, wherever 
determinations of bacterial numbers in the soil are based only on one sample, the 
results are worthless, due to the great variability of the soil in respect to numbers 
of microorganisms. 

There was in some cases an evident correlation between the position of the 
sample and the number of microdrganisms. The samples taken at the edges 
of the plot, particularly in the comers, gave lower numbers than the samples 
coming from the middle of the plot. This may be due, in some cases at least, 
to an uneven distribution of the fertilizer. Perhaps it may be due, in some 
cases, to the lower moisture content. This would lead us to conclude that 
the determination of numbers of microorganisms in the soil should be based 
not on one but on a number of samples taken from various parts of the particu¬ 
lar field. 

The combined variability of the method and the soil 

With these considerations in mind, we can now proceed to the development 
of a practical method for determining the number of microorganisms in the 
soil which would allow both for the variability of the plate method and that 
of the soil, without involving too great an excess of time and energy and which 
could be used in routine work. For the following experiment, a check plot 
was used, which had received no fertilizer application at all for the last 14 years. 

Samples were taken from five different parts of the plot, each sample repre¬ 
senting a mixture of three borings taken 1-2 feet apart. The samples were 
thoroughly mixed, placed in sterile jars, and plated out as soon as brought 
into the laboratory. Ten plates were used for each sample, so that fifty 
plates were poured for the five samples taken from the same plot. A dilution 
of 100,000 was used in all cases. The plates were incubated for 7 days at 25®C., 
then the microorganisms were counted. The results are tabulated in table 5, 
the dear spaces differentiating the different samples. 

The average of all 50 plates obtained from the five samples of the same soil 
is == 83.46 ± 1.5 for the total microorganisms, exdusive of the fungi; 

= 11.3 dz 0.3 for the actinomycetes; and ~ 2.76 ± 0.16 for the fungi. 

The probable error for the number of microorganisms, exdusive of fungi, 
is 1.8 per cent. Since the dilution is 100,000 and the moisture content of 
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TABLE 5 


Numbers of microtiTgmisms in, the soU, as shown by the plate method 


BACIERIA AND ACTIN05CYCETES 

ACTINOMYCETES 

1 

FUNGI 


Colimies 


Colonies 


Colonies 

94 

79 

9 

7 

6 

3 

84 

83 

8 

13 

3 

6 

73 

103 

11 

14 

2 

3 

61 

98 

10 

12 

2 

5 

99 

76 

9 

10 

2 

2 

83 

76 

IS 

12 

3 

3 

67 

112 

9 

13 

3 

4 

77 

101 

IS 

15 

3 

2 

65 

84 

7 

12 

6 

3 

91 

56 

11 

11 

2 

2 

64 

106 

13 

14 

2 

4 

96 

101 

10 

16 

0 

3 

81 

89 

11 

13 

2 

3 

S3 

84 

8 

12 

4 

5 

96 

116 

7 

14 

4 

1 

69 

76 

8 

12 

4 

1 

72 

82 

15 

11 

7 

1 

62 

93 

13 

9 

1 

1 

69 

76 

12 

15 

7 

0 

77 

84 

7 

9 

3 

1 

106 

52 

11 

4 

2 

2 

93 

78 

9 

17 

4 

1 

98 

61 

9 

11 

2 

1 

87 

93 

12 

13 

0 

1 

91 

106 

6 

21 ‘ 

4 

2 


Total 4173 


Total 565 


Total - 138 

Mean^SS .46 db 1.5 

Mcan~11.3 ± 0.30 

Mean* 

2.76 ±0.16 

0—15.69 db 1.or 

Orsas 

3.16 db 0.20 


1.73 ±0.11 

C. F.*®18.8 ± 1.27percent 

C. V, «27,96 db 1 . 89 per cent 

C. 7.* 

62.67±4.23 per cent 

A«sd:2.22 

A 5= ±0.45 

A s* 

±0.245 

JSw«l,8per cent 

Em «2,7 per cent 

Em*= 

5.8 per cent 


the particular soil is 10 per cent, the total number of microorganisms, exclusive 
of fungi, in the particular plot, on the basis of dry soil, is found by multiplying 
the colonies by 100,000 and by 

(83.46 ± 1.5) X 100,000 X ^ = 9,273,333 ± 166,667 (true within 1.8 per 
cent). 

In the case of actinomycetes, the probable error of the mean is 2.7 per cent. 
By multipl}ring by 100,000 and we obtain the most probable number of 
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actinomycetes, witliin the limits of the methods used for their determination, 
as 1,255,556 =fc 33,333 per gram of dry soil. 

The error of the determination of actinomycetes is thus found to be once 
and a half as great as that for the determination of total number of micro¬ 
organisms exclusive of the fungi. This can be readily explained by the fact 
that there are greater errors involved in counting actinomycetes colonies than 
in counting the total number of colonies: in the last case all colonies are counted, 
the fungi being distinguished very readily, and, given a long enough period of 
incubation and little chance for overcrowding, particularly by spreaders and 
fimgi, the colonies can be quite accurately counted; in the case of actinomy¬ 
cetes, we add the error of naistaking sometimes an actinomyces for a bacterial 
colony and vice versa. Of course, the fact that the number of actinomycetes 
is less than the total number of colonies will tend to increase the probable 
error. 

The most probable number of fungus colonies is found to be 

2.76 db 0.16 

The most probable value of the total number of fungi in the particular soil 
is then: 

(2.76 d= 0.16) X 100,000 X ^ = 306,667 d= 17,778 per gram of dry soil true 
within 5.8 per cent. 

There is a tremendous jump in the probable error of determining fungi by 
this particular method. While the most probable error is true for the total 
number of microorganisms, exclusive of fungi, within 1.8 per cent and for the 
actinomycetes within 2.7 per cent, it is true for the fungi only within 5.8 per 
cent, a range more than three times as great as for the other soil microSrgan- 
isms. This cannot be explained, as was done in the case of the actinomycetes, 
by the errors made in recognizing the colonies, since the fungus colonies are 
well recognized, particularly when the plates are incubated 7 days. 

The reason for this large error lies elsewhere, namely in the inefficiency 
of the plate method for the determination of numbers and activities of fungi 
in the soil. Since the fungi exist in the soil both in the form of spores and 
in the form of aerial mycelium, and because of the great abundance of spores 
formed in a single head of an Aspergillus^ PemciUiunt and Mucor, the error 
involved is greatly increased: while one small dump of soil may be free from 
sporulating mycelium, another dump very near to that may contain even 
one sporulating piece of mycelium which will account for the error. As a 
matter of fact all we need to do for a ludd explanation of this phenomenon 
is to point out the upper and lower groups of colordes of fungi in the column 
in the table. 

But another important factor is to be considered, that of the small number 
of fungi developing on the plates primarily designed, both as to medium and 
dilution, for the counting of bacteria and actinomycetes. 
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This factor is sufficient to omit entirely the counting of fungi on the common 
plate used for the counting of bacteria and actinomycetes. However, it has 
been used in the experiments submitted in the following paper, due to the 
fact that some information was obtained even with such an error, which is 
sufficient to condemn it, for the particular study made. But this is only a 
specific instance, while as a general method of procedure it is not to be recomv- 
mended. If it is designed to obtain more or less accurate information on the 
fungus numbers in the soil, the method proposed below should be used. 

To turn back to the table, we find that interesting observations can be made 
on comparing the number of colonies obtained from each soil sample. For 
this we must separate the five groups, of ten plates each, which represent the 
five composite samples taken from the same field. We will limit ourselves 
in this instance, only to the total mnnber of colonies, ex:clusive of the fungi, 
since this is the least variable factor and, therefore, the most rdiable. On 
averaging the five groups, we obtain the following mpiber of colonies for each 
sample: 79.4, 73.9, 91.4, 92.5, 80.1. The total average is 83.46. 

The most probable errors for these S groups are: 

sfc 2.77, ± 2.99, ± 2.16, ± 3.92, i 3.31, respectively equivalent to 
3.50 per cent, 4.05 per cent, 2.36 per cent, 4.25 per cent, 4.11 per cent 

The error is found to be much greater than when it is based upon a count 
of 50 plates representing all the five samples. When we calculate the probable 
error of these five samples, we find it to be equivalent to ±2.45 or 2.93 per 
cent. By limiting ourselves to fewer and fewer samples we get a larger and 
larger error; by taking fewer and fewer plates for each sample we also increase 
our error. By increasing the number of samples taken and the number of 
plates used for each sample, we appreciably decrease the probable error. 

The reason for the indeficniteness of the results obtained from counting the 
number of microorganisms, and lack of correlation between these results and 
actual crop production is to be looked for in the fact that the great majority 
of determinations were based upon one or two samples, in many instances 
not even composite samples, and 2-4 plates were used for making the deter¬ 
minations. Among other errors invol-ved we must point to the lack of proper 
culture media (not standard in composition), in some cases a short incubation 
period, whereby not all the colonies were allowed to devdop, and errors in 
the technic. These questions will be taken up in detail in the following paper. 

As an example of the error usually obtained in a quantitative bacteriological 
soil analysis, we may point to the excellent work of Hiltner and StSrmer who 
stated to have obtained an error, in the determination of numbers of bacteria 
in the soil, of 8-10 per cent and in some cases 15 per cent. Only one sample 
was taken (representing however a thorough mixture of several samples) and 
4 plates were used. It is interesting to note that these investigators, as 
long as 20 years ago, recognized the importance of the large error involved, 
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but they tried to correct it by improving the technic. The use of a larger 
number of plates for the reduction of the error has been recognized, but not 
carried out. 

The question whether a quantitative determination of the number of micro¬ 
organisms can be taken as a function of soil bacteriology will be answered 
only in the following paper. However, on the basis of the mathematical 
interpretation of the resrdts, we might state here that the determination of 
the total number of microorganisms based on a number of soil samples with a 
number of plates used for each sample and proper technic, whereby the prob¬ 
able error is reduced to less than 2 per cent, seems to offer an appropriate 
biological function. 

THE DETERMINATION OE NUMBERS OE EUNGI IN THE SOIL 

The mathematical study of the distribution of fuhgi in the soil reported 
in the last table coupled with other considerations considered by the writer 
elsewhere, would lead us to condemn the plate method for counting fungi as 
a method for the study of the activities or even distribution of these organisms 
in the soil. However, another method could be suggested here, namely the 

TABLE 6 


The nunibers of fungi in the soil 


COLOmES 

1 

3 

mgm 

COLONIES 

(an - a) 

Gt» — fl)* 

36 

+ 4,8 

23 04 

29 

- 2.2 

4.84 

27 

- 4.2 

17 64 

37 

•4- 5.8 

33.64 

38 

-f 7.8 

60,84 

29 

- 2.2 

4.84 

30 

- 1.2 

1,44 

26 

- 5.2 

27.04 

24 

- 7.2 

51.84 

44 

+12.8 

163.84 

26 

- 5.2 

27.04 

32 

+ 0.8 

0.64 

27 

- 4.2 

17.64 

36 

+ 4.8 

23.04 

21 

-10.2 

104.04 

42 

+10.8 

116.64 

26 

- 5.2 

27.04 

35 

+ 3.8 

14.44 

24 

- 7.2 

51,84 

28 

- 3.2 

10.24 

35 

+ 3.8 

14.44 

36 

+ 4.8 

23.04 

37 

+ 5.8 

33,64 

32 

+ 0.8 

0.64 

20 

-11.2 

125.44 

28 

- 3.2 

10.24 

28 

- 3.2 

10.24 

32 

+ 0.8 

0.64 

37 

+ 5.8 

33.64 

33 

+ 1.8 

3.24 

41 

4- 9.8 

96.04 

29 

- 2.2 

4.84 

34 

+ 2.8 

7.84 




32 

+ 0.8 

0,64 

1248^ 

+ 1.0 

1343.00* 

39 

+ 7.8 

60.84 




31 

- 0.2 

0.04 

Mean » 

» 31.2 + 0.63 


23 

- 8.2 

67.24 

O’ = 

+ 5.87 + 0.45 

25 

- 6.2 

38,44 

C. F. = 

18.8 + 1.42 percent 

26 

- 5.2 

27.04 1 

A S e 

0.93 


33 

+ 1.8 

3 24 

I Em “ 

2.0 per cent 



* Totals of both columns. 
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use of media which will allow only a development of fungi, but not of other 
microorganisms, so that the final dilution could be mia!de low enough, whereby 
25 to 100 colonies of fungi could develop on each plate. The period of incu¬ 
bation should be between 2 and 3 days, at 25®C. Longer periods will favor 
overgrowth, while a shorter period -will not allow all fungi to develop. A 
medium like raisin agar, which is very acid in reaction or a S3aithetic medium 
having a reaction of pH == 3.5--4.0 will be found appropriate, while the 
dilution may be 0.01 of that used for the plating out of bacteria. Under 
these conditions, the probable error for the determination of numbers of fungi 
(spores and pieces of mycelium) is appreciably reduced. 

The following table will give som eresults obtained by this method. The 
same soil used in the last experiment has been used for titds study. A dilution 
of 1000, an incubation period of 3 days at 2S-27®C. and raisin agar were 
employed. The results are self explanatory and need not be discussed any 
further. The marked reduction in the probable error shows that fungi can 
be determined quantitatively in the soil only when a special acid medium has 
been used so that the bacteria and actinomycetes are eliminated, and only 
the fungi develop on the plate. A low enough dilution should be used to 
allow 20 to 100 colonies per plate. 

SIGNIHCAI^CE OE A QUANTITATIVE BACTERIOLOGICAL ANALYSIS OE SOIL 

Since it is often impossible to r^ort all the details connected with the 
determinations of numbers of microdrganisms’, as far as all individual plates 
for eveiy sample are concerned, it is suggested to designate, by a definite 
figure, the *‘weight” or importance to be attached to the results, in addition, 
of course, to the probable error. The weight to be attached to each sample 
should be the logarithm of the number of plates used in determining the 
numbers of microdrganisms in a particular sample. The weight to be attached 
to the numbers of soil samples taken from a particular field or plot should be 
in direct proportion to that number. Each soil sample should be a composite 
of two or three samples, if possible. We will then have the following series: 


‘'weight” 



1 sample 

1 2 samples 

3 samples 

10 samples 

1 

0 

0 

0 

0 

2 

0.30 

0.60 

0.90 

3.0 

3 

0.48 

0.96 

1.44 

4.8 

4 

0.60 

1.20 

1.80 

6.D 

5 

0.70 

1.40 

2.10 

7.0 

6 

0.78 

1.56 

2.24 

7.8 

7 

0.85 

1.70 

2.55 

8.5 

8 

0,90 

1.80 

2.70 

9.0 

9 

0.95 

1.90 

2.85 

9.5 

10 

1.00 

2.00 

3.00 ! 

10.0 
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A weight less than 1.0 is practically worthless, a weight of 1.0 to 2.0 is fair, 
2-3 is good, 3-5 is ve!ry good. A higher weight than 5.0, particularly if the 
samples are composite may involve an excessive amount of work, but will, 
of course give still more reliable results. 

STJJOdiARY 

1. The variability of the common method employed for quantitative deter¬ 
mination of microbrganisms in the soil is too high, when only 2-3 plates are 
used, and too much reliability cannot be attached to the results. 

2. Only by the use of a large number of plates and by making an accurate 
determination of the probable error involved can we state definitely how much 
weight we may attach to the results obtained from a quantitative examination 
of the microorganisms in the soil. 

3. The dilution commonly employed for counting bacteria and actinomy- 
cetes is too high for the counting of fungi, so that the results obtained from 
counting ftmgi on the same plate with the bacteria and actinomycetes are 
worthless for most soils. Special acid media, whereby only fungi will develop 
combined with a low dilution (about 100 of that used for counting bacteria) 
win give more reliable results. 

4. The variability of the soil samples taken from the field is too high, we 
should be able to attach great importance to determinations based upon a 
single sample. 

5. A number of samples should be taken from each field; these are then 
composited into fewer samples, which should be used for the bacteriological 
studies. Even then, we should determine the probable error of our function 
from a large number of individual samples. 

6. By combining a relatively large number of plates with a large number of 
soil samples, we can work out the probable error involved in a quantitative 
determination of the microorganisms in the soil. 

7. A set of figures for the designation of the ‘‘weight'^ to be attached to 
the determinations based on the number of plates and soil samples has been 
suggested. 

The writer wishes to express his indebtedness to Mr. J. S. Joffe and Mr. R. L. 
Starkey for aid in taking the samples and in pouring the plates. 
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DIFFERENCES EFFECTED IN THE PROTEIN CONTENT OF 
GRAIN BY APPLICATIONS OF NITROGEN MADE AT DIF¬ 
FERENT GROWING PERIODS OF THE PLANTS 

W. F. GEKICKE 

University cf California, Agriadiural Experiment Station 
SeoeSved for publication Septembei 22, 1921 

In a previous paper (1), the writer has shown how the protein content of 
wheat (White Australian) is markedly influenced by the supply of nitrogen 
available to the plants at certain phases of their growth. That investigation 
led to further experimentation with other cereals to see to what extent the pro¬ 
tein content of other grains might be affected. The investigation has now 
proceeded so far that some of the results can be given publication. 

Briefly described the cultural methods employed to obtain high protein 
grain were as follows: 

One-gallon stone jars were filled with a soil low in nitrogen which is known locally as 
Oakley sand. This soil as taken from the field had a low crop producing power for cereals, 
but it responded readily in large crop production when treated with a moderate application 
of NaNOa or (NH4)2S04. The jars filled with soil, were seeded to the following cereals: 

Spring wheat (White Australian) 

Oats (Texas Red) 

Winter wheat (Turkey Red) 

Rye (variety not known but considered a pure strain) 

At the time of planting, one set of three jars of each of the different cereals received per 
jar, in the form of NaNOs, an application of 250 mgm. of nitrogen (equivalent to 100 lbs. per 
acre). About two weeks later, when the plants were between 2 and 3 inches high, another 
set of three cultures of the four cereals named was similarly treated. At later periods other 
sets of three cultures of each of the four cereals received similar applications of NaNO# 
The complete treatment is outlined in table 1. 

The essential difference in the treatments of the cultures was that of the 
time in the growth period of the plants when nitrogen was applied. That this 
was a very important factor in the physiological processes concerned in the 
growth of some of the cereals tested was shown by the results obtained. 
Differences in tillering of the plants, differences in the length of the growing 
period of the plants, differences in chemical composition of the grain, and dif¬ 
ferences in total dry matter production resulted from the treatments. 

The plants were harvested when fuUy mature, and the grain was threshed, 
weighed and graded. Nitrogen determinations were made of samples from 
all cultures. This was then computed to give the protein content of the 
grain. 

The data given in this paper deals only with the differences in the protein 
content of grain obtained from the sets treated with NaNOa. Ammonium 
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sulfate also was used as the source of nitrogen for other sets, but because the 
results obtained from these are in essence similar to the results obtained from 
the NaNOs treated sets, they need not be given here. The tables have been 
prepared to show both the days after planting and days before harvest when 
NaNOs was applied to the cultures. The protein content of the grain from 
each culture is given to show the extent of the variations obtained, and the 
weight of 100 kernels from each culture (excepting those of oats) gives an 
indication of the extent the grain was filled. 

Table 2 gives the results obtained with a spring wheat (White Australian). 
The seed wheat used for this investigation was low in protein and high in 
starch ,—a characteristic soft wheat. The table shows that the cultures which 
received the latest application of NaNOj produced wheat that had the highest 
protein content of all of the set. This wheat was of amber color, flinty and 
hard. The cultures that received NaNO^ at the time of planting and 17 days 
thereafter, produced wheat of whitish yellow color, low in protein, high in 
starch—a t37pical soft wheat. The data show a progressive increase in the 

TABLE 1 


Data showing age of spring wheat cultures when nitrogen was applied 


srT inncBCR 

DATE or PLANTINO 

DATE or TREATMPNT 

AOr or PLANTS 

WHIN NaNOa 

WAS APPLILD 

NaNOl ADDED 
PLR CULTXJRL 

1 

Nov. 14,1919 

Nov. 

14,1919 

day^ 

250 

2 

Nov. 14,1919 

Bee. 

1,1919 

17 

250 

3 

Nov. 14,1919 

Dec, 

16,1619 

33 

250 

4 

Nov. 14,1919 

Jan. 

1,1920 

48 

250 

S 

Nov, 14, 1919 

Jan. 

24,1920 

72 

250 

6 

Nov. 14,1919 

March 

2,1920 

no 

250 


protein content of the -wheat, that corresponds to each increase in the 
length of time after planting -when nitrogen was applied, or if otherwise 
stated, as corresponding -with each decrease in the length of the period before 
harvest when NaNOi was applied. This seems to be evidence that the two 
drcumstances are related as cause and effect. It shows furthermore that a 
very important condition for the production of high protein wheat as obtained 
in this investigation is one that requires sufficient supply of available nitrogen 
at what appears to be certain important, perhaps, critical growth periods of 
the plants. This supply seemingly must be in excess of the minimum require¬ 
ment needed for the formation and filling of the kernels. Table 2 shows that 
the protein content of the spring wheat (White Australian) is subject to a 
wide -variation. This variation, as the investigation shows, is largely ac¬ 
counted for in the differences of conditions in the external en-vironment of the 
plants at certain phases of their growth. The extreme differences in percen¬ 
tage of protein of the grain, from plants that received nitrogen at the time of 
planting on the one hand, and those that received nitrogen 110 days after 
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planting on the other, and the good correlation obtained between the dif¬ 
ferences in the protein content of the grain and the corresponding treatments, 
is evidence that soft wheat and hard wheat, of this particular variety, is largely 
due to factors operative in the nutrition of the plants. 

Table 3 gives the results obtained by the treatments on the protein content 
of winter wheat. The seed used for the tests was relatively high in protein, 
the grain being classed as hard wheat. The results given in this table are 


TABLE 2 

Effect of NaNOt on the protein content of spring wheal {White Austraiin) when applied at 

different periods of growth 


NUMBCR 

DAYS ATTTR PLANTING* 

WHEN NaNOa was 

APPLIED 

DAYS BEEORE 
HARVEST WHEN 

NaNOa was 

APPLIED 

weight or 

100 KERNELS 

PROTEIN 

CONTENT 

AVERAGE 

PROTEIN 

CONTENT 


days 

days 

gm. 

percent 

percent 

1 

2 

3 

jAttimeof] 
1 planting J 


201 

201 

199 

4.57 

4.27 

4.86 

8.9 

8.6 

9.1 

8.9 

4 

17 

183 

5.11 

9.6 


5 

17 

178 

5.22 

9.3 

9.2 

6 

17 

183 

4.90 

1 

8.8 


7 

33 

162 

5.11 

11.3 


8 

33 

162 

5.00 

10.1 

10.6 

9 

33 

162 

5.18 

10.4 


10 

48 

147 

5.22 

10.7 


11 

48 

152 

5.15 

11.7 

11.4 

12 

48 

152 

4.95 

11.7 


13 

72 

135 

4.92 

13.1 


14 

72 

135 

4.75 

13.2 

13.0 

IS 

72 

135 

4.68 

12.8 


16 

no 

121 

4.00 

14.7 


17 

no 

121 

4.43 

15.3 

15.2 

18 

no 

121 

4 10 

15 6 



• Date of planting was November 14,1919. 


decidedly different from those obtained with spring wheat in that the data 
do not show (with the exception of that of the last treatment), that the time 
of application of NaNOs had any clearly deiBnite effects upon the per cent of 
protein this wheat contained. That this winter wheat did not respond to 
the treatment as did the spring wheat, seemingly must be due to differences 
in the physiology of the two kinds of wheat. Winter wheat is characterized 
by a period of relative dormancy of growth before the plants stool or produce 
culms, but spring wheat is not. Under the conditions of this investigation, 
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spring wheat usually stools two or three weeks after the plants arc up. It 
seems probable that the differences in the results obtained from the two classes 
of wheat can be partly accounted for by the relative dormancy of growth of 
the winter wheat. Due to this relative dormancy of growth of winter wheat 
the intervals of time at which NaNOs was applied to the cultures did not 
represent equal or comparable differences in the growth phases of winter wheat 
as similar intervals of time between applications of NaNOa represented dif- 

TABLE 3 


Effect of NaNOi on the protein content of winter wheat {variety^ Turkey Red) when applied at 

different periods of growth 


NTTHBER 

BAYS APTER PLANTING* 
WHEN NaNOs WAS 

APPLIED 

DAYS BSrORE 
HARVEST WHEN 

NaNOa was 

APPIILD 

WEIGHT or 

100 EERNELS 

PROTEIN 

CONTENT 

AVERAGE 

PROTEIN 

CONTENT 



days 

gm. 

percent 

per cent 

1 

2 

3 


226 

226 

232 

3,55 

3.72 

3.86 

14.3 

15.0 

14.6 

14.6 

4 

21 



14.7 


5 

21 


3.97 

13.0 

13.8 

6 

21 



13.6 


7 

36 

190 

3.74 

14.7 


8 

36 

179 



14.7 

9 

36 

180 

4.13 

15.4 


10 

60 

155 

3.56 

13.7 


11 

60 

166 

3.13 

13.7 

13.4 

12 

60 

166 

3.88 

12.8 


13 

81 

145 

3.43 

13.3 


14 

81 

152 

3.51 

14.5 

14.3 

IS 

81 

1S2 

3.18 

15.0 


16 

109 

124 

3.50 

17.5 


17 

109 

124 


18.6 

17.9 

18 

109 

124 

3.21 

17.5 



♦ Date of planting was November 18,1919. 


ferent growth phases in spring wheat. Table 3 shows that only in case of the 
last treatment, that is when the application of NaNOs was made 109 days 
after planting, the grain produced was appreciably higher in protein than that 
produced from any of the other cultures of winter wheat. The grain obtained 
from the cultures that received the last application of NaNOa was approxi¬ 
mately 25 per cent higher in protein than was that obtamed from any other 
set of this wheat. 
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Table 4 gives the results obtained on the protein content of oats and shows 
that a progressive increase resulted from the treatments. In case of the last 
application of nitrogen made to a set of cultures 108 days after planting, oats 
were produced that averaged 17.2 per cent protein, which was an increase of 
approximately 130 per cent over that obtained from the cultures that received 
nitrogen at the time of planting. The data show that the oats and the spring 

TABLE 4 


Effect of NaNOi on the protein content of oats (variety Texas Red) when applied at different 

periods of ffomth 


NT71C3SR 

DAYS AinCBR PLANTING* 
.WEEN NaNOa was 
APPLIED 

DAYS BEPORE 
HARVEST WEEN 
NaNOs WAS 
APPLIED 

WEIGHT OP 
100 KERNELS 

i 

PROTEIN 

CONTENT 

AVERAGE 

PROTEIN 

CONTENT 


days 

days 


Percent 

percent 

1 


[***• . 

197 

Not 

7.5 


2 (Lost) 

3 


|At time oil 

1^ planting j 

197 

determined 

7.5 

7.5 

4 

19 

178 


7.7 


S 

19 

178 


7.9 

8.0 

6 

19 1 

178 


8.5 


7 

33 

164 


7.9 


S 

33 

164 


8.5 

8.5 

9 

33 

164 


9.0 


10 

48 

157 


9.3 


11 

48 

157 


9.4 

9.6 

12 

48 

157 


10.0 


13 

69 

136 


9.8 


14 

69 

136 


11.3 

10.8 

IS 

69 

136 


11.2 


16 

90 

121 


12.8 


17 

90 

121 


13.0 

12.7 

18 

90 

121 


12.3 


19 

108 

111 


18.2 


20 

108 

111 


15.8 

17.2 

21 

108 

111 


17.S 



* Date of planting was November 6,1919. 


wheat tested exhibited certain common properties; one being that the physio¬ 
logical status of the plant as indicated by its growth phases is a very impor¬ 
tant factor, which affects the power and capacity of the plant to absorb and 
to utilize nitrogen most efficiently for the production of high protein grain. 

Table S gives the results obtained in the experiments with rye. The pro¬ 
tein cont«it of the grain of the first four sets of cultures that received NaNO» 
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was not afEected by the treatment. The grain obtained from the three last 
sets of cultures that received NaNO® gave a progressive increase in protein 
with each treatment so that the cultures which received nitrogen 133 days 
after planting, or 108 days before harvest, produced grain that averaged 14.0 
per cent protein. This is an increase of approximately SO per cent over that 
of the grain obtained from cultures that received NaNOs at the time of plant¬ 
ing. So far as the magnitude of difference in the protein content of rye as 


TABLE s 

Efeci of NaNOz on the protein content of rye (variety unknown) when applied at different 

periods of growth 


NVHBXK 

DAYS ATTER PLANTING* 
WHEN NaNO« WAS 
APPLIED 

DAYS DEPOSE 
HARVEST WEEN 

NaNO* WAS 

APPLIED 

WEIGHT OP 

100 KERNELS 

PROTEIN 

CONTENT 

AVERAGE 

PROTEIN 

CONTENT 


days 

days 

gm. 

percent 

Percent 

1 

2 

3 

1 At time ofl 

1 plantmg | 

199 

204 

204 

2.90 

3.04 

9.4 

9.6 

9.5 

4 

19 

185 

3.23 

9.4 


5 

19 

185 

3.16 

8.7 

9.0 

6 

19 

183 

3.08 

8.8 


1 

28 

168 

3.01 

9.5 


8 

28 

168 

2.81 

10.5 

9.7 

9 

28 

171 

2.42 

9.1 


10 

43 

156 

3.51 

9.8 


11 

43 

156 

2.80 

9.6 

9.8 

12 

43 

156 

2.93 

10.1 


13 

74 

135 

2.50 

10.9 

10.9, 

14 

74 

140 

2.68 

10.9 

IS 

105 

130 

3.60 

11.9 

12.0 

16 

105 

130 

3.27 

12.1 


17 

133 

108 

3.10 

13.5 

14.0 

18 

133 

108 

2.63 

14.5 



* Date of planting was November 11,1919. 


affected by the treatment is concerned, rye occupies a place between winter 
wheat on one hand, and spring wheat and oats on the other. Presumably this 
is to be accounted for in physiology and growth habits of the plant, rye having 
a period of relative dormancy of growth like that of winter wheat but of 
shorter duration, and being unlike spring wheat and oats. The per cent of 
protein of the grain obtained from the first four sets of cultures was not affected 
by the addition of soluble nitrogen, presumably due to the fact that this 
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nutrient was added to the plants when they were in a period of relative dor¬ 
mancy of growth. A correlation in the increase of the protein content of the 
grain and the different treatments applied after the plants had passed through 
the period of relative dormancy of growth seems to be proof that rye plants 
have a growth phase when they absorb and utilize nitrogen most ejB5ciently 
for the production of high protein grain. 

Inspection of the four tables show that the size of the grains as indicated 
by the weight per 100 kernels was not markedly affected by the treatments. 
Applying NaNOs early or relatively late in the growing period of the plants, 
did not apparently affect the extent to which the kernels were filled. The 
3 neld per culture was, as already stated, markedly influenced by the treatment. 
This phase of the investigation, however, will be treated in another paper. 

The results of this investigation show that the chemical composition of 
grain such as the protein content of some of the important cereals can be 
markedly affected by factors involved in the nutrition of the plants. Further¬ 
more the data show that variations in the protein content of grain are not 
always due to unknown genetic factors, but they may be definite non-inheri- 
table responses of the plant to certain conditions of its external environment. 
It seems, from a critical analysis of the data, that in some of the nutritional 
processes of the plants studied are to be found certain conditions that might 
account for properties or characters which heretofore have been considered 
to be of genetic origin. 

REFERENCE 

(1) Gericke, W. F. 1920 On the protein content of wheat. In Science, v, 52, p, 446-447, 
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INTRODUCTORY 

For at least three-quarters of a century the effect of compounds of arsenic 
upon plant growth has been a subject of scientific investigation. It was early 
recognized that arsenic is quite generally found in animal tissue; and, since 
the animal must have obtained the arsenic from its food, it was soon found that 
arsenic is present in minute amounts in many plants. Later investigations 
(2) have shown arsenic to be very widely distributed in the soil, and to have 
been derived in this case from the original rocks from which the soil was 
formed. 

The fact that arsenic was found to be so generally present in animal and 
vegetable tissues raised the question as to whether or not arsenic is essential 
to the life processes. Gautier and Clausmann (1) failed to find arsenic in some 
plants and concluded from this fact that arsenic is not essential to vegetable 
life. But the more intimately life processes are investigated the more apparent 
it is becoming that very minute quantities of substances may have a very 
decided effect on those processes. For example, note the decided effect 
which the minute amount of iodine in the thyroid gland has on animal life 
processes. The more recent investigations are thus making it appear that 
it is still too early to draw definite and final conclusions as to the r61e of ar¬ 
senic in plant and animal life; and more refined methods of investigation may 
very probably be expected to reveal the more general presence of arsenic in 
plants than heretofore found. 

But even though arsenic in minute quantities may or may not be useful to 
plant or animal life, it has been abundantly proved that it is a strong poison 
to both plants and animals if the quantity absorbed is large. Some years ago 
it was reported (S and 6) that orchard trees were dying in Colorado as a result of 
arsenic poisoning. Since the practice of spraying is resulting in the application 
of considerable quantities of arsenical compounds to the soil and since smelters 
in some localities belch forth large amounts of arsenic oxides annually, it thus 
becomes important from a practical point of view to have more definite in¬ 
formation as to the effects of arsenic on plants. Dr. Greaves (2,3, 4) worked 
on this problem and has published some of his results in several papers. His 
work at first dealt with some chemical phases, but later it has dealt with the 
effects of arsenical compounds on the microorganisms of the soil, ammonifiers 
and nitrifying organisms. 


Ill 
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In 1912 the chemical phase of this investigation was turned over to the author 
of this paper, who devised a plan of attacking the problem. 

It was proposed to determine the solubility of lead arsenate and other compounds of arsenic, 
likely to be used for spraying purposes, in solutions of the inorganic salts commonly occurring 
in the soil, a determination being made with each pure salt. Two sciics of concentrations 
were to be used, one representing the concentrations which might be expected in an ordinarily 
rich soil and the other representing concentrations such as might be expected in strongly 
“alkali” soils. It was also proposed to detennine these solubilities in mixtures of all the 
individual salts used in each of the two series mentioned. Some humus was to be prepared 
and, after removal of the ammonia, it was to be used in some more determinations with the two 
series of solutions to test the effect of organic matter of the soil in conjunction with the 
soluble salts on the solubility of the arsenic compounds. Soils were also to be collected from 
the principal fruit growing sections of the State. A definite quantity of each soil was to be 
treated with a definite volume of water and the solubility of the arsenic compounds in these 
mixtures was to be determined. It was also proposed to build concrete, water tight vessels, 
sufficiently large for the roots of a mature tree. These were to be built so the top was flush 
with the surface of the ground, and filled wdth soil the composition of which was known. 
Some of the orchard trees, such as apple, peach, pear, etc., were to be grown to maturity in 
these tanks and then subjected to die usual spraying treatment given to orchards. This 
treatment was to be continued for about five years or more after the tree commenced to bear, 
and the effects of the spraying treatment on the tree, the fruit, and the soil were to be noted. 
A series of tests was also to be made upon a number of young trees and shrubs grown in small 
vessels. For instance, about twenty to forty apple trees were to be grown in this way. 
These were to be divided into ten sets of two or four trees each. Each set, except one tree 
for control, was then to be treated with solutions containing a definite amount of sodium 
arsenate, each set reedving a different amount. The effect of the treatment was to be studied 
by means of the appropriate observations and analyses. All kinds of ordinary orchard 
trees were to be treated in this way. The experiment as planned was intended to be a some¬ 
what exhaustive study of the effects and nature of arsenical poisoning on plants. Results of 
value from both a practical and scientific standpoint were expected. Some of the work 
planned has been accomplished, and this paper sets forth these results. 

The methods of analysis in such work must be delicate, reliable, and as 
rapid and simple as possible. To select or develop the most suitable analyt¬ 
ical methods was in itself no small task. So before commencing on the experi¬ 
mental part of the investigation the author made a comparative study of the 
methods for determining arsenic. This resulted in a decision to use the Marsh 
method as modified by Greaves (3) of this station and the Williamson method 
mentioned by Sutton (8) as modified by the author of this paper. The 
Williamson method is fraught with some difficulties, as a reference to the recent 
literature will show. The means of satisfactorily overcoming these difficulties 
were worked out in this laboratory. Thoroughly understood, the method 
becomes a rapid and excellent one, but not suitable for the determination of 
such minute quantities of arsenic as is the Marsh method. For further infor¬ 
mation about the analytical methods used in this work, reference must be 
made to the earlier paper of Greaves (3) and to the author^ for unpublished 
information concerning the modified Williamson method. 

lA paper by the author describing his modification of the Williamson method was 
accepted for publication by the Zcitschrijt fur Amlylischo Chmie in the early summer of 
1914, but the outbreak of the war seems to have prevented its publication. 
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EXPERIMENTAL 

Solubility of lead arsenate in salt solutions 

The modified Williamson method was used for determining the arsenic 
dissolved in the salt solutions and the soil solutions. The modified Marsh 
method was used for determining the arsenic absorbed by the plants in the pot 
experiment, which will be reported in another paper. The lead arsenate used 
for the solubility determinations was Shermin Williams^ guaranteed to contain 
not less than 25 per cent of arsenic, and not more than 1| per cent of water 
soluble arsenic. It was an impalpable dry powder. 

As stated above, solubility in solutions of each salt of two concentrations 
was determined. Potassium carbonate was used as a starting point for de¬ 
termining the concentrations. The weaker potassium carbonate solution 
contained 0.10 per cent of K2CO3, the stronger one contained 0.50 per cent of 
K2CO3. The concentrations of the other salt solutions were then made such 
that the basic elements were present in all the solutions in chemically equiva¬ 
lent amounts. For example, the weaker series of solutions contained in 
2 liters, 2.0000 gm. of K2CO3, 2.1580 gm. of KCl, 1.5340gm. of Na^jCOs etc.; 
the stronger series of solutions contained 10.0000 gm. of K 2 CO 8 , 10.7900 gm. 
KCL, 7.6700 gm. Na^COa etc. The solutions of the common salts of potassium, 
sodium, ammonium, calcium and magnesium prepared in this way were then 
treated with an excess of lead arsenate and shaken two or more times per day 
for three weeks or more. The solutions were filtered, one liter treated with 10 
cc. of HNO3 and 10 cc. of H2SO4 and evaporated to white fumes. The residue 
was cooled, the sides of the vessel washed down with water and again evapo¬ 
rated to white fumes. This dilution and re-evaporation are necessary to 
break down the nitrosyl sulfuric acid and thus completely remove oxides of 
nitrogen. The dissolved arsenic was then determined. 

Some diflSiculties were encountered in this work and as yet no satisfactory 
means of entirely overcoming them has been found. Solutions such as Na2C08 
which give an alkaline reaction on account of hydrolysis, persistently hold the 
lead arsenate in colloidal solution and suspension. No way of filtering out 
this colloidal material was found; after the best filtration possible such solu¬ 
tions were still opalescent. Filtration through Chamberlain-Pasteur filters 
was not feasible because these retained arsenic which was in true solution. 
The best way found was to filter through paper. By repeating the filtration 
several times through the same paper the pores became somewhat clogged with 
the lead arsenate, and a somewhat clearer filtrate resulted. It was f oxmd by 
Stewart (7) that a good way to filter humus was through paper covered with 
a thin layer of the soil from which the humus has been extracted. The two 
cases are identical in principle. 

The length of time required to establish equilibrium between the dissolved 
and undissolved lead arsenate was also an obstacle to rapid work. But 
even shaking the solutions containing lead arsenate for six days in a shaking 
machine failed to establish equilibrium so that duplicates would agree satis- 
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factorily. Variations in temperature also result in slightly different values for 
the solubility. 

The solubility data obtained for the various salt solutions are shown in table 
1 . The table is in three parts, A, B and C. Part A shows the solubility of 
the lead arsenate in the weaker concentrations mentioned above; part B, in 
the stronger concentrations; and part C, in tap water, distilled water and two 
mixtures of salts. Mixture 1 represents a mixture of the salts of the concen¬ 
trations used in part A, and Mixture 2, a mixture of the salts of the concen¬ 
trations used in part B. Some of the salts were precipitated out of solution 


TABLE 1 

Arsemc dissolved in the form of lead arsenate in various salt solutions 


CARBON¬ 

ATES 


CHLORIDES 


NITRATES 


BIGAR- 

BONATES 


SUXTATES 


BISUL- 

PATES 


PHOSPHATES 

Secondary Primary 


A. Weaker concentrations 



p.p.m. 

p.p.m. 

p.p.m. 

p.pM. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

K . 

165.2 

39.3 

4.5 

139.9 

4.6 

241.9 

174.2 

29.1 

Na. 

184.8 

51.7 

5.3 

136.4 

5.9 

260.9 

168.9 

11.8 

NHi . 

175 .<5 

37.0 

3.4 

136.4 

3.5 

271.5 

177.6 

18.7 

Ca. 

73.4 

54.7 

2.0 


5.6 

296.3 

73.9 

36.6 

Mg. 

4.1 

36.6 

3.5 

37.4 

4.5 

268.5 

93.5 



B. Stronger concentrations 


K. 

115.9 

156.0 

8.1 

99.8 

5.8 

647.2 

292.9 

78.0 

Na. 

131.8 

130.5 

13.5 

96.7 

5.6 

1016.9 

357.0 

84.6 

NH4. 

119.2 


5.4 

162.5 


838.3 

392.1 

63.0 

Ca. 

36.5 

105.4 

4.3 

13.5 

4.2 

615.2 

57.7 

67.5 

Mg. 

20.1 

101.2 

3.5 

85.4 

2.6 

572.3 

46.1 

38.0 


C, Other solvents 


p,p.m. 


Tap water. 33.8 

Distilled water. 3.0 

Mixture 1. 183.8 

Mixture 2. 324.9 


in both mixtures. The jSgures in the table represent milligrams of arsenic 
in a liter of solution. 

In the case of sodium, potassium and ammonium carbonates and probably 
some of the al ka li phosphates, the data represent some material that is in 
colloidal solution as well as that in true solution. In each case the figure in the 
table represents the average of two to ten determinations. It wiU be noted 
that the lead arsenate is only very slightly soluble in distilled water, 3 parts 
per million. In the presence of nitrates and sxilfates the solubility does not 
appear to be very materially different from that in distilled water, there being 
possibly a very slight increase in solubility in the presence of these salts. 
Since lead sulfate is a very insoluble compound, the ionic theory would lead 
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one to expect such a result as appears in the table in the sulfate column; but 
as lead nitrate is a soluble compound the ionic theory would a priori lead one to 
expect a larger solubility than appears in the nitrate coluinn in the table. 
Since a great number of analyses were made from which the data in the table 
are condensed, there can be no doubt that lead arsenate is not materially more 
soluble in nitrate solutions than in pure water. The data show that the neu¬ 
tral chlorides increase the solubility of the lead arsenate considerably. The 
difference between the effect of the chlorides and the nitrates is somewhat 
surprising, and must apparently be attributed to the specific nature of these 
salts modifying the solvent. That is, chloride solutions and nitrate solutions 
have different solvent powers in much the same way that water and alcohol 
have. As is to be expected, the acid salts such as the bicarbonates, the bisul¬ 
fates and the acid phosphates cause considerably larger quantities of the lead 
arsenate to go into solution. Increasing the concentration of the chlorides, 
the bisulfates and the phosphates also increases the amount of arsenic dis¬ 
solved; but in the case of the sulfates and nitrates increased concentration 
appears to have no effect, while in the case of the carbonates and bicarbonates 
increased concentration as used in these experiments causes a decrease in the 
amount of arsenic dissolved. Ten times as much lead arsenate was dissolved 
in tap water as in distilled water. This, of course, shows to some extent what 
is to be expected to occur in the underground water. The tap water con¬ 
tains 212 parts of solids per million, mostly in the form of bicarbonates of 
calcium and magnesium. 

Solubility of lead arsenate in soil solution 

Soils were collected for this experiment in 1913 from the principal fruit¬ 
growing sections of the state. The amount and composition of the water- 
soluble material in these soils were determined. The treatment with arsenic was 
as follows: Two hundred fifty grams of each of the soils were treated with one 
liter of water. An excess of lead arsenate was added to this mixture and the 
amount of arsenic dissolved determined in the same manner as indicated above 
for the salt solutions. The data expressed in milligrams of arsenic per Kter 
are in table 2, The soils collected represented light sandy loams, gravelly 
loams, rich and somewhat heavy loams, and uncultivated alkali land. 

Data in table 2 have been grouped roughly according to soil types. The 
College Farm soil stands alone. The group of nine soils following indudes in 
the main somewhat gravelly bench lands which are more representative of the 
fruit-growing districts than the other soils mentioned. Next is a group of five 
light sandy soils without gravel. This is a lighter type of soil than the pre¬ 
ceding group. The fourth group includes nine good loam soils from some of the 
best farming lands in the State. Some of them tend to heaviness, but all are 
easily tillable. The last two soils in the table represent uncultivated “alkali’’ 
land west of Salt Lake City and between Tooele and Grantsville. 

The data show that lead arsenate is much more soluble in the soil solution 
than in pure water, and that it has about the same solubility in the soil water 
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COMPOSITION OP son. SOLUTION 

\4 

percent 

'fH .rH ^5 fjH Cl 

o o o o o o o o o 

d d d d d d d d d 

0.012 

0.007 

0.008 

0.007 

0.010 

0.010 

0.008 


Mg 

percent 

0\ Ov 'O 

rSIOC^JCS^-i^CSfN-rH 

OOOOOOOOO 

d d d d d d d d d 

0.026 

0.020 

0.027 

0.024 

0.023 

0.023 

0.023 

Ca 

per cent 

t>-.00^0^l0>0^3 

o q q q q q q q q 
d d d d d d d d d 

0.056 

0.033 

0.036 

0.052 

0.034 

0.056 

0.042 

i 

per cent 

00rt<00VO»Ot>.C<lO\'+ 

O O ^ M C^^ tH tH 

q q q q q q q q q 

d d d d d d d d d 

610*0 

VO N ro ’•H 

'ph W ^ 

o o o o o 

d d d d d 

1 

d 

h 

csy 

o'*" 

per cent 

tHOQQO'^^QO^ 

fOto^^^Ol'O^Tfi 

q q q q q q q q q 

d d d d d d d d d 

0.041 

0.034 

0.022 

0.035 

0.016 

0.031 

0.027 

u 

per cent 

0.028 




Total 

solids 

per cent 

0.238 

0.238 

0.140 

0.214 

0.142 

0.270 

0.108 

0.0Q2 

0.186 

0.218 

0.140 

0.168 

0.102 

0.146 

0.124 

0.114 

0.142 

0.126 

ARSENIC 

! 

0* 

. to ^ 

o ro ^ VO o »o th r-l 

CSCv4»HC^’*-<'r-ICMT-(r-l 

17.0 

8.1 

9.6 

16.2 

9.4 

12.6 

11.2 


a 

N 

Q 

Gravelly bench 
loam 

Coarse sandy loam 

^ Bench loam 

Black, gravelly loam 
Light gravelly 

loam* 

Gravelly bench 
land 

cr 

1 

f 

<r 


Liglit sandy loam 

►Light loam 

ef 

& 






College Farm 

College Farm 

East of Jklidvale 1 mi. 

Tooele (W. side) 

Tooele (N. E, side) 

S. E. of Provo 

Provo Bench (Anderson Bros, orchard) 
Orchard S. W. of Ogden 

Pleasant View near Hot Springs 

Near S. city limits of Brigham City 

Near Brigham City depot 

2 mi. So. 77950 

Clearfield 

Five points 

North of Willard 

Dewey (W. of Depot) 

s 

NUMBER 

78032 

78033 

o^53^o^OTi^'OfM^o 

rorH'^rJiu^joio'OvD 

pvpNOvCSOvOvOvOvOv 

77951 

77946 

77955 

77958 

77960 

1 
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tliat it has in tap water. The solubility is shown to be roughly proportional 
to the percentage of soluble salts in the soil. Thus the third group of soils 
has the lowest per cent of soluble salts and gives the lowest solubility for the 
lead arsenate. The second group of soils having the next higher per cent of 
soluble salts has the next higher solvent power for the arsenate. The fourth 
group stands next in order in both soluble salts and solvent power, and the 
College Farm soil follows the fourth group in amount of soluble salts and in 
solvent power for the arsenate. The two alkali’’ soils in the last group break 
thjfi regularity. These show a somewhat high solvent power for lead arsenate, 
but the soluble salts in the soils are not shown to be high. In fact, the low 
per cent of soluble salts found for these two soils is somewhat unexpected, 
but repetition of the analysis failed to change the result. It is hardly possible 
to trace any relation between the amount of arsenic dissolved and the indivi¬ 
dual components of the soil solution, although increase of the carbonate and 
bicarbonate ions and of the potassium ion is accompanied by increased solu¬ 
tion of the arsenate. The fourth group, which contains more chlorides than 
the second and third, also dissolved more arsenic. These results are in keeping 
with the finding of Greaves (2). 


SUMMARY 

Lead arsenate is a very insoluble campound. Only three parts of arsenic 
dissolve in a million parts of pure water. Its solubility is greatly increased 
by many common salts when these are present in the aqueous solvent, but 
sulfates and nitrates do not seem to increase materially the solvent power of 
water for lead arsenate. Acid salts and those which hydrolize with an alka¬ 
line reaction markedly increase the solvent action of water on lead arsenate. 
The soil solution also has a greater solvent power for lead arsenate than has 
pure water. 
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A POT EXPERIMENT 

The general plan of the investigation of which this paper reports a part was 
outlined in Part I by the senior author. This paper reports data obtained in 
one of the small-scale pot experiments carried out during the summer of 
1914. 


Description of the experiment 

Five species of plants were used in this experiment, viz., pea, radish, wheat, 
potato and bean. The soil used was a gravelly bench loam taken from the 
College Farm. The gravel was removed by sifting. The water-soluble 
material in this soil amounted to 0.216 per cent. Into each of the 3 gallon, 
glazed, stoneware jars used in the experiment, a definite weight of soil was 
placed. This varied from 7000 to 9000 gm. After the crop had been planted, 
a mulch of 500 gm. of sand was added to each jar. The moisture in the 
soil used was determined, so the actual dry weight of the soil in each jar was 
known. 

Ten jars were used for each plant studied. These were divided into five 
sets of two jars each. One set to which no arsenic was added was used for the 
control plants. During the course of the experiment disodium arsenate was 
added to the other four sets in var 3 ring amounts. Each of the five kinds of 
plants received the same treatment. 

There was some delay in getting the experiment started so the planting did 
not occur until the middle of June. In some cases the plants did not come up 
well which necessitated replanting at a later date. This was the case with 
the wheat, and one or more of the pots had to be replanted for each kind of 
plant. In particular the radishes were planted very late in the season. This 
was because lettuce which had been planted two or three times in these pots 
had failed to grow. Radishes were then substituted for this crop. Some 
of the potatoes failed to grow at all, and on accoxmt of the lateness of the 
season attempts to get plants in all the potato pots were abandoned. None of 
the plants, therefore, had arrived at maturity when the experiment was closed 
on September 30. 
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TABLE 1 


Weight of plants produced and parts of arsenic absorbed per million parts of dry plant 




ARSENIC TREATMENT 

POT NUMBER 

APPEARANCE 
ABOVE GROUND 

Commenced 

Amount 
added on 
basis of dry 
soil 


AVERAGE 
AMOUNT OF 
ARSENIC 
ABSORBED BY 
EACH PLANT 
ON BASIS OP 
DRY WEIGHT 


TOTAL WEIGHT 
OP DRY 
PLANCS 


AVERAGE 

WEIGHT 

PLANT 


Peas 





P. p. m. 

p. p. m. 

gm- 

gm. 

1 and 2 

July 30 


0.0 

0.0 

18.2116 

1.1318 

3 and 4 

30 

Aug. 19 

25.0 

98.0 

14.8257 

1.4826 

5 and 6 

30 

19 

75.0 

193.0 

16.2201 

0.9541 

7 and 8 

30 

19 

250.0 

1190.0 

4.0407 

0.8081 

9 and 10 


* 

500.0 


1.7503 

0.1591 

Radishes 

11 and 12 

Aug. 18 


0.0 

0.0 

22.8076 


13 and 14 

18 

Sept. 2 

25.0 

53.0 

26.0506 


15 and Id 

18 

2 

75.0 

148.0 

30.3656 


17 and 18 

18 

2 

150.0 

448.0 

25.4080 


19 and 20 

18 

2 

500.0 

940.0 

19.6671 



Wheat 


21 and 22 

July 25 


0.0 

0.0 

18.867 

0.5391 

23 and 24 

25 

Aug. 19 

25.0 

21.0 

22.8928 

0.7894 

25 and 26 

25 

19 

75.0 

52.0 

19.7736 

0.3954 

27 and 28 

25 

19 

250.0 

269.0 

12.1449 

0.4048 

29 and 30 

25 

19 

500.0 


not 

weighed 

not 

weighed 


Potatoes 


31 and 32 

June 24 


HI 

0.0 

9.1891 

9.1819 

33 and 34 

25 

Aug, 19 

HI 

78.0 

27.7595 

6.9399 

35 and 36 

24 

19 


347.0 

3.2245 

1.6122 

37 and 38 

39 and 40 

28 

crop failed 

19 

250.0 

524.0 

7.9895 

7.9895 


Beans 


41 and 42 

July 11 

Aug, 19 


Trace 

14.4565 

2.8911 

43 and 44 

28 

19 

25.0 

50.0 

11.9991 

1.9998 

45 and 46 

26 

19 

75.0 

155.0 

7.9218 

1.1317 

47 and 48 

26 

19 

250.0 

678.0 

7.2346 

1.8(»6 

49 and 50 

19 

19 

500.0 

1965.0 

2.3626 

0.4725 


* Plants appeared above ground Aug. 24 in pot 9 and July 30 in pot 10; arsenic was added 
to pot 9 on Sept. 2, to pot 10 on Aug. 19. 
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Since the age of the plant might affect its power to withstand the poison, it 
was intended to allow the plant to get a pretty substantial growth before the 
treatment with arsenic was commenced. The plants were, therefore, allowed 
to grow as long as possible before adding any arsenic to the soil. The length 
of time intervening between the appearance of the plants above the soil and 
commencement of the arsenical treatment varied from three to six weeks, the 
dates in each case are given in the table. 

During the experiment the moisture content of the soil was kept at ap¬ 
proximately 20 per cent, by adding water at the surface three times a week. 
When the treatment with arsenical solution commenced the disodium arsenate 
solution was added with the irrigation water, in nine equal dosages. It 
required, therefore, three weeks to add all the arsenic used in the tests. In 
those cases in which the arsenical treatment commenced on August 19 the 
arsenic was all added by September 8. In these cases, therefore, a growing 
period of three weeks intervened between the end of the arsenical treatment and 
the end of the experiment. 

At the dose of the experiment of the plants, induding roots, stems and 
foliage were harvested. They were dried, weighed and analyzed for 
arsenic. In making the analyses, all the plants produced in one jar were 
taken together. The adhering particles of soil were washed from the roots 
with distilled water, so the arsenic found in the analysis was what had actually 
been absorbed by the plants. The method of destroying organic matter and 
obtaining the arsenic in solution used in this work is described by Fresenius 
(3). The Marsh method, as modified by Greaves (5), was used for determining 
the arsenic. Results are given in table 1. 

Discussion of data 

The conclusions to be drawn from a preliminary and brief experiment of 
this kind are mainly of a tentative character, except possibly as the results 
may serve to corroborate earlier observations. The fact that arsenical com¬ 
pounds are poisonous to plants has been established, and this experiment 
corroborates that conclusion. But there is not a great deal of evidence in the 
literature showing that higher plants are stimulated to more vigorous growth 
by arsenical compounds. 

At Rothamsted, water cultures by Brenchley (1) in very dilute sodium arsenate solutions 
0.004 part per million as the tower limit), containing the essential nutrients, failed to show any 
stimulation of peas or barl^. However, at that station, barley grown in nutrient solutions 
containing 1.0 to 0.05 part of arsenious acid per million looked as if stimulation had occurred, 
but the dry wdghts of the plants did not support that conclusion. Knop (7), in 1884, found 
that 50 parts of arsenic add per million of nutrient solution did not check the growth of a 
stron^y rooted maize plant which was transferred to the solution containing arsenic add. 
There seems to have been very few experiments made up to date to show the effect of arsenic 
compounds on plants when grown in their natuml habitat, the soil. Statements made by 
some of the earlier investigators in this line seem somewhat remarkable in the light of present 
knowledge. For instance, Davy (2), m 1859, and Gorup-Besanez (4), in 1863, agree in the 
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statement that arsenious acid is without effect on peas grown in the soil. But at Rothamsted 
(1) peas were found to be rather sensitive to arsenical poisoning; and we have found, as 
herein leported, that peas are quite sensitive to the presence of disodium arsenate in the 
soil. Disodium arsenate is now well known to be a less energetic form of the poison than 
the arsenious acid used by Davy and Gorup-Besanez. 

So the literature at the present time indicates that it is very doubtful whether or not com¬ 
pounds of arsenic are able to stimulate the growth of the higher plants, altJiough it is now well 
known that certain molds and other lower plants are stimulated b>, and grow luxuriantly in 
the presence of large quantities of arsenic compounds. Greaves (6) reported a stimulation of 
nitiifiers and ammonifiers in the presence of several arsenic compounds. 

It seems reasonable to expect to find such a stimulation in the higher plants, 
but what are we to use as a criterion of such stimulation? If stimulation occurs 
will the dry weight of the plant necessarily be greater than it otherwise would 
have been? Is not a healthy, vigorous appearance also evidence of beneficial 
influence? The life processes of a healthy looking plant may proceed more 
rapidly than those of a plant of less vigorous appearance, and the former may 
arrive at maturity at a somewhat earlier date than the latter without attaining 
a greater weight. 

Our experiment seems to indicate that disodium arsenate in the lower con¬ 
centrations had a beneficial influence on the plants in all the cases. So far 
as appearances can be relied on, beans, potatoes, peas and wheat seemed more 
vigorous and healthy in the pots containing 25 parts of arsenic per million of 
soil than they did in the control pots, and in the case of peas and wheat the 
plants in the pots containing 75 parts of arsenic also seemed to be stimulated, 
this healthy appearance in the case of wheat especially, and to a less degree in 
the case of beans, is shown in plate 1. The photographs show the effect of 
the arsenic in producing apparent stimulation in the lower concentrations and 
checking growth and causing death in the higher concentrations. The dry 
weights of these plants, as shown in table 1, however, do not give definite 
evidence of having been increased by the arsenic in the lower concentrations, 
although they show plainly a decrease for the higher concentrations. Un¬ 
fortunately, the value of the dry weight data is not as great as it would have 
been if there had been the same number of plants in each pot. 

The radishes, on the other hand, gave no visible evidence in the foliage 
of the effect of the arsenic. But when the crop was harvested at the end of the 
experiment the parts of the plants below groimd showed plainly the effects of 
the different treatments. The radishes grown in the pots of low arsenic con¬ 
tent had thick fleshy, fine looking roots, while those grown in the pots of high 
arsenic content were much longer and of smaller diameter. In this case the 
dry weights shown in table 1 seem to indicate rather decidedly that the arsenic 
had had a stim ul at in g influence up to and including the concentration of 250 
parts of arsenic per million of soil. The radish plants were not counted, but 
the stand seemed very uniform in all the pots. 

Our data indicate that the plants used are not equally resistant to the 
effect of the arsenical poisoning. This accords with the observations of others 
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to the effect that the specific nature of the plant is an important factor in its 
behavior toward poisons. Beans seemed decidedly more sensitive to the 
poison than the other plants. Those in pots 49 and SO were dead on August 
25 after only two treatments with arsenic. On Septeml)er 8 at the close of the 
arsenical treatment the beans in pots 47 and 48 were turning yellow and ap¬ 
peared very sick, while those in pots 45 and 46 had some yellow leaves. Beans 
of good size were produced by the plants in pots 41 to 44, inclusive, but in pots 
45 and 46 only small, immature beans were produced. Potatoes seemed a 
close second to beans in sensitiveness. The plant in pot 37 was a large healthy 
one before treatment with arsenic, but it soon showed the yellow withering of 
the lower leaves. The plants in pots 33 and 34 were the only ones that pro¬ 
duced tubers, and these measured 1 to J it^Lch in diameter. Peas were more 
resistant than beans and potatoes and seemed more sensitive than wheat. 
In pots 9 and 10 the peas commenced to wilt and turn yellow in the lower leaves 
after three treatments with arsenic. They died after six treatments. 
Radishes seemed decidedly more resistant than the other plants tested, al¬ 
though those in pot 20 died after five arsenical treatments. Still, those in 
pot 19 undergoing duplicate treatment flourished and made a better yield than 
either of the control pots, 11 or 12. 

The amount of arsenic absorbed by the plant which is necessary for the 
checking of growth seems to have been, in parts per million of dry ])lant matter, 
SO for beans, 78 for potatoes, 52 for wheat, 193 for peas, and 940 for radishes. 
When the plant is killed the smallest amount of arsenic absorbed was shown to 
be 269 parts per million for wheat, 524 for potatoes, 678 for beans, 1190 for 
peas, 940 for radishes. 

The wheat was not killed entirely even in the pots containing the most 
arsenic, 500 parts per million parts of dry soil, and, in the two pots containing 
250 parts per million, the plants made a decided recovery after the arsenical 
treatment had ended on Sept. 8, While the wheat seemed more resistant to 
the arsenic in the soil than did the other plants except radishes, it had 
absorbed in each ease less arsenic in proportion to its dry weight, [ts ap¬ 
parently greater power of resistance may thus be due to a difference in root 
activity rather than to the power of the plant to live with more or less arsenic 
in its tissues. We were unable to determine the arsenic actually absorbed by 
the wheat in the pots treated with 500 parts of arsenic per million of soil on 
account of the fact that the dead parts of the plants had become soaked with 
the imabsorbed arsenic in the soil during a rainstorm. This is the reason also 
for the high amount of arsenic reported in the radishes in pot no. 20. The 
value of the data showing the amount of arsenic absorbed by the wheat and 
the weight of the wheat plants is, however, somewhat marred, though not 
completely destroyed by the fact that a horse grazing on the campus ate off 
the tops of all the wheat plants after September 25th. 

Is the fine, healthy appearance of plants grown in the presence of small 
quantities of arsenic compoimds due to the destruction, by the arsenic, of soil 
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microorganisms which arc injurious to the higher plants or is it due to a direct 
action of the arsenic com])ound on the higher plant? While in water cultures 
injurious microorganisms arc not necessarily excluded, still the fact that this 
healtliy apj^carance of the plants develops in these cultures tends to show that 
it is due to a direct chemical-physical action. But both kinds of action may be 
involved. The problem is interesting and awaiting solution. 

In our cxperimc]il, as in those of others already reported, and in the litera¬ 
ture, the clTcct of arsenical poisoning of higher plants is seen to be a destruc¬ 
tion of the chlorophyll with accompanying death of the leaves affected. This 
yellowing of the leaves commences at the lower ones and gradually extends up 
the plant. This indicates that the poisoning is probably due to a chemical 
action on the chlorophyll in which the arsenic is involved. If the poisonous 
action were due in the main to injury to the root or tissues of the stem, its 
visible effects should be first seen at the top of the plant and extreme tips of the 
leaves, which is exactly the opposite of what is actually observed. 

In this experiment it appears that 75 parts of arsenic per million of soil is 
not injurious to some plants, while the more sensitive ones are slightly affected, 
but 25 parts appear to be stimulating. These quantities are equivalent to 
about 375 and 125 parts per million of soil solution. In the previous paper 
(Part 1) by Ihe senior author, it was shown that lead arsenate is soluble in the 
soil solution to the extent of about 10 to 64 parts of arsenic per million of soil 
solution. These results indicate tentatively, at least, that spraying orchards 
with lead arsenate may safely be continued for a number of years from the 
beginning of the spraying. 

SUMMARY 

Our results give visible evidence of stimulation, or beneficial influence, 
of disodium arsenate in low concentration on all the plants tested. In the case 
of the radish, however, this visible result appears in the underground part and 
not in the foliage. The evidence of stimulation or non-stimulation shown by 
the dry weights is inconclusive, but indicative of stimulation where the 
concentration of the arsenate was low, and in the case of the radish in all the 
concentrations tested. It would, therefore, seem that the accumulation of 
arsenic in the soil, as a result of the spraying of orchards, if not continued to 
excess, may be bencticial rather than injurious. A thorough study of the 
questions in\\)lved herein would probably lead to interesting and important 
results and conclusions in relation to the problems of disease resistant plants 
and of immunity in general; and, since the chlorophyll is involved in the 
poisoning, the problem evidently includes the very fundamentals of plant 
growth. 
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In a country sudi as the Punjab, the soil receives very small applications 
of manure. It is estimated that in a typical irrigated colony tract, the land 
receives on the average not more than between one-half to one ton of farm 
yard manure each year. In non-irrigated tracts (so called harmi land) it 
may be taken that no manure is added to the soil since any manure available 
is applied to well irrigated land in the neighborhood. In some tracts it has 
been the custom to grow wheat after wheat with no application of manure at 
all. The economic conditions and the conservatism of the peasantry make any 
general use of commercial orgaiuc manures, such as cake, a remote possibility 
for a long time to come. Any possibility of bringing under control ihe factors 
which determine the natural processes of nitrogen jfixation which must be 
taking place in the soil, is therefore of enormous importance. 

That the natural recuperative powers of soils in arid regions must be con¬ 
siderably greater than those met with in more temperate climates, is shown 
by crop yields obtained when moisture conditions are favorable. Yields of 
wheat,, which would certainly not be expected from a similar soil in a temperate 
region, are obtained on what would be regarded, from its history, as totally 
exhausted land. It would seem justifiable to suppose therefore that the 
climate may have a large influence on the activity of free-living nitrogen-fixmg 
organisms. Moreover, it is possible that the frequent cultivation which the 
tradition of the peasant leads him to give his soils during the hot-weather 
fallow between his wheat crops, may not only conserve moisture but also 
bring about suitable conditions for active nitrogen fixation. 

There can be no doubt that in barmi tracts agriculture is almost wholly 
dependent on the natural processes of m’trogen fixation; that these processes 
are of almost equal importance tmder the better conditions of agriculture 
possible in irrigated tracts may be seen from the following considerations. 
Table 1 gives the area imder various crops in the Lower Chenaab Canal 
colony, together with a conservative estimate of their average yield. The 
amount of nitrogen in the total produce is then calculated, largely on the 
basis of the anal 3 rses of Sen (1). This figure shows, on comparison with the 
average application of farm yard manure, that artificial sources can only 
account at most for about one-sixth of the total produce. Otherwise expressed, 
natural processes of fixation add something in the neighborhood of 38 pounds 
of combined nitrogen per acre per year. 
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TABLE 1 

Estimate of average annual loss of nitrogen hy cropping 


CROP 

AREA SOWN 

yield per acre 

TOTAL NITROGEN 
CONTENT 

TOTAL NITROGEN 
CONTENT OP CROP 

Grain 

Straw 

Grain 

Straw 

Grain 

Straw 


acre^ 

mawidi* 

maunds 

percent 

per cent 

maunds 

maunds 

Wheat. 

986,591 

16 

35 

1.50 

0.5 

236,800 

172,700 

Barley. 

17,751 

12 

20 

1.49 

0.6 

3,175 

2,130 

Rice. 

32,075 

20 

30 

1.01 

0.6 

6,480 

5,774 

Maize. 

103,197 

22 

60 

1.34 

2.0 

30,420 

123,836 

Mixed grain. 

10,509 

23 

35 

2.68 

0.7 

6,479 

2,575 

Great IMillet (Jowar) . 

16,071 

8 

60 

1.40 

0.6 

1,800 

5,785 

Spiked Millet (Bajra) . 

35,092 

9 

1 60 

1.86 

4.7 

5,874 

98,960 

Italian Millet (Kangsni) . 

377 

8 

20 

1.91 

1.8 

57 

135 

Gram. 

55,578 

12 

30 

3.06 

0.7 

20,490 

11,671 

Lentils, etc. 

6,317 

8 

15 

3.94 

0.8 

1,991 

748 

Cotton. 

315,067 

5 

60 

2.82 

0.5 

44,430 

94,520 

Til. 

777 

10 

30 

3.62 

0.5 

281 

116 

Sarson, Toria (Brassica Compes- 








tris) . , . 

236,045 

7 

25 

3.30 

2.6 

54,540' 

135,400 

Linseed. 

1,200 

6 

8 

3.19 

0.5 

229 

48 

Sugar Cane. 

59,443 

300 


0.19 


33,890 


Fodder. 

378,607 

200 


0.8 


181,731 






(Dry) 




Totals. 

2.258.328 





633,667 

672,407 


maunds 

Total nitrogen removed. 1,306,074 

Nitrogen added as manure, estimated at 21 maunds of farm yard manure per 

acre analysing at 0.475 per cent nitrogen. 225,268 

Difference equivalent to about 38 lbs. nitrogen per acre. 1,080,806 

* One maund « about 82 lbs. 


TABLE 2 

Nitrogen per 100 grams in lyallpur soils on dates shown 


DATE OP SAVIPLING 

SANDY LOAM 

LOAM 

CLAY LOAM 

May 15,1916. 

mgm. 

22.8 

mgm. 

39.4 

mgm. 

51.0 

June 13* 1916. 

31.0 

41.0 

62.0 

July 1,1916. 

29.0 

48.0 

54.0 

July 17,1916. 

29.0 

48.0 

56.0 

August 15,1916. 

.. 25.0 

41.0 

49.0 

September 18,1916. 

39.0 

53.0 

67.0 

December 1,1916. 

127.0 

83.0 

97.0 



March 14,1917 


Land prepared and wheat sown 


70.0 


84.0 


69.0 


Wheat growing; harvesting to be done after a month 
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In the year 1916 an extended series of field analyses were initiated at LyaJl- 
pur by the late J. H. Barnes (2). These were continued and supplemented 
with laboratory investigations by the present authors in succeeding years. 
In 1916 most remarkable results were obtained. The average fixation in 
four different districts of the Punjab amounted on the average to more than 
100 per cent of the total nitrogen in the soil. The possibDity of any consistent 
error is precluded by the results of a more detailed examination of the soils 
of L 3 raJlpur where the nitrogen content of the soil was estimated at frequent 
intervals between the wheat harvest in April and the date of sowing in the 
following November. The results are reproduced in table 2 and plotted 
together with the rainfall in figure 1. It will be seen that with all three soils 
examined, after a preliminary period of depression during the rains, rapid 



Sores 

increase took place during September and October. The astounding magni¬ 
tude of the fixation may be rcah'zed by considering that an addition of SO mgm. 
of nitrogen per 100 gm. of soil (the average fixation in 1916) corresponds with 
an application of about 150 tons of farmyard manure to the acre. 

In 1917 experiments were continued on a smaller scale but failed to indicate 
any fixation. A more extended series of analj^ses were made in succeeding 
years, great attention being paid to accuracy of sampling, and the limits of 
the experimental error. The results will be found in detail in the Report of 
the Agricultural Chemist, (loc. cit.) for 1918 and succeeding years, and can 
only be summarized here. As a result of a calculation of the probable field 
and laboratory errors it was decided to disregard as evidence of either fixation 
or denitrification any changes smaller than 8 per cent of the total nitrogen 
content of the soil. The results of the large number of observations made are 
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difficult to summarize concisely. The results are also extremely variable on 
account of differences of dimatc and cul1i\’ation. In tabic 3 the soils have 
been divided into two classes, those in which the rainfall is above 10 inches 
and below 10 inches. These classes are again subdivided according to the 
treatment received by the soil. It will be seen that in no case during the 
succeeding years do the results approach in magnitude those obtained in 1916. 
Although isolated instances of considerable fixations occur, there is no uni¬ 
formity. It is also impossible to correlate the detailed results with either 
raiirfall, cultural, or temperature factors. By the collection of more evidence 
this may ultimately become possible; for the present we must recognize that 
peculiarly favorable conditions must have prevailed in 1916. One cannot 
help comparing the sudden activity of the nitrogen-fixing organisms in the 
soil of the Punjab with the increase of virulence of pathogenic organisms as in 
tbe case of the influenza epidemic of 1919. We are at present equally ignorant 
of the predisposing causes in both these cases. 

In order to gain some insight into the factors controlling fixation in the field, 
in 1919 an elaborate series of laboratory experiments was started. The 
following hypotheses may be entertained; 

1. It may be assumed that if the great heat of the Punjab summer causes partial steriliza¬ 
tion of the soil, when brou^t under optimum conditions, azotabaclcr will have a better 
chance to develop rapidly in the absence of predatory protozoa. 

2. Azotobacter alone may not be the determining factor; suitable conditions may be 
requidte for the development of another agent either previously to, or together with, the 
development of azotobacter. Thus it is well known that the presence of carbohydrate food 
is necessary for the functioning of azotobacter, and it has been suggested that a symbiotic 
relationship exists between it and species of algae which develop in the soil. 

In order to test these hypotheses, samples were taken at various dates 
throughout the fallow, which were then brought under, as far as possible, 
optimum conditions in the laboratory and the rate of change of nitrogen con¬ 
tent determined. In order to test the possibility of partial sterib'zation in 
the field, the plots from which samples of the two types of soil examined were 
taken were duplicated, one receiving normal fallow treatment (cultivation 
after rain), the other being kept repeatedly stirred. The samples thus taken 
were brought to their optimum moisture content and incubated under three 
separate conditions until the following November. A suffident number of 
separate samples of the main samples taken each month were set aside in 
order to provide the necessary duplicates for analysis each succeeding month. 
Of the three series of samples, one was incubated in the laboratory in diffused 
light, and another in a dark incubator. It was thought that any differences 
observed in the rate of nitrogen fixation in these two series might be due to 
the fact that algae would be unable to develop in the dark. The third series 
was placed in large earthenware pots sunk flush with the ground out of doors, 
but protected from rain and dust by glass plates. 



NiraOGEN HXATION IN ARID CLIMATES 




I 


^ I 

a 3 

“ I 

=1 .9 


* ^ 

S '>-> 


I & 
I 1 
i I 

S a 


I f 

S <4 

I. I 

s ^ 


I 


I 


I 



1 

dSeJOAy 

per 

cent 

q 

CS tH 

1 1 

^■. 

1 

1920 

•a 

'Z 

1 

^SdMOj 

tl 

-14.2 

-11.6 

1 


1 

ZSSqStH 

per 

cent 

8.7 

9.5 



BUO^'CAiaS 
-qo jojsqtnn^ 


'O »o 



1 

9»BJ9Ay 


q **. 

d d 

1 

1-H q 

^ d 

1 4* 

1919 

•a 

*3 

1 

iSdMOq 

per 

cent 

'R 

csi od 

T ' 

r-. Os 

ud ^ 

' 7 


4wqSiH 

per 

cent 

9.7 

10.7 

d d 

T-l 


euopuAias 
-qo jo'iaqtanij 


O Os 

SO 


ajavisAY 


^83ai.ot; 


^saqSiH 


O 

d 

-H 






Os 


8aop«AJ36 

-qo |0 Jsqmnjq 


9j^3AV 


■5S,s 


)S9A10^ 


^wqSiH 


fiUOllTSAJSS 

-qo |0*i9qtunj^ 




'O 

CO 

I 


o^jOAy I ^ 


J89*ai 


<N 

i 


snopuAiae 
-qo lo'aaquinii^ 


q 

fO 


s; 


I 

^ tn • 

^13 §l| 



131 


BOIL BOJSNCB, VOL. XIV, NO. 2 







132 


BERNAIO) HOWELL WILSDON AND BARKAT ALI 


The most direct method of testing the hypotheses would no doubt be to 
supplement experiments similar to those described above by enumeration of 
the number of azotobacter, protozoa and algae. The technical difficulties 
involved are however very great, so it was decided in the preliminary experi¬ 
ments to rely solely on the chemical evidence. Qualitative results were 
obtained as to the prevalence of protozoa, but the evidence was not sufficiently 
reliable to enable any conclusions to be based on it. It is hoped that this aspect 
of the work will be developed in the future. 

The largest fixation observed was not more than 4S per cent, showing that 
we had not been successful in reproducing the favorable conditions of 1916. 
The results were, moreover, very variable, due probably to the difficulty of 
keeping the soil of small samples at optimum moisture content for long periods 
and at the same time avoiding spoiling the texture. It is possible however to 
draw certain preliminaiy conclusions. The most marked and uniform fixation 
with all soils and under all conditions of incubation took place in September. 
This is the period at which the rapid increase took place in the field in 1916. 
Thus of 12 samples the average fixation was 1S.5 per cent, and with one soil 
about 40 per cent. At no other date was there a consistent fixation with all 
samples. With the samples isolated in May and incubated till the following 
October, no definite increase was observed which was far outside the limits 
of the allowable error. The general course of events however appears to be 
similar, both with the different soils, and different conditions of incubation, as 
will be seen from table 4. 

It seems legitimate to conclude, therefore, that tlie date of sampling is of 
the utmost importance in estimating the nitrogen-fixing powers of a soil in 
the laboratory. There appears to be a definite seasonal influence which must 
be taken into account. 

The results so far obtained fail to enable us to form an opinion as to the 
effect of the partial sterilization possible in the soil under ordinary cultural 
conditions. In some cases the fixation was greater in the soil taken from the 
pulverized plots, and sometimes the reverse. The experiment was however 
conclusive in showing that it is not till after a prolonged period of dry heat 
that the soil becomes capable of considerable nitrogen fixation. Much more 
data must be made available before we can hope successfully to correlate the 
results of chemical and biological examination with the seasonal influences. 
Our present knowledge appears to indicate that it is the seasonal influence 
which is of primary importance. It may therefore be necessary to await the 
passage of many seasons before it will be possible to discover all the factors 
which control nitrogen fixation in the soil. As in the case of influenza, the 
endemic activities of the soil organisms may afford much valuable information 
but it may be necessary to wait for the next epidemic before we shall be able 
to solve the problem of their sudden virulence. 

Another aspect of the question which remains to be studied is seen if we 
consider that in order to utilize the nitrogen fixed in the soil, it must be sub- 
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sequently nitrified. From the results obtained it appears that a rapid period 
of nitrogen fixation is followed by an almost equally rapid loss. If, however, it 
is found possible to control the nitrification of only a small fraction of the 
amounts of nitrogenous organic material which may be synthesized in the 
soil, we shall have travelled a long way in the direction of making the soil self- 
supporting in its nitrogen economy. 

Almost the whole of the laboratory work referred to in this paper has been 
carried out by Mr. Barkat Ali. Acknowledgment must also be made to 
Mr. S. M. Nasir for much painstaking assistance. 
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INTRODUCTION 

It is very well known among sulfuric acid manufacturers and others that 
iron sulfides (pyrites) tend to oxidize slowly into sulfates. These changes seem 
to be more rapid when the pyrites are moist or lying on the gound. They 
first oxidize, forming ferrous sulfate, and since this compound is not stable 
in presence of water or moist air, this is converted into basic iron sulfates and 
then into iron h 3 n:oxides which are but slightly soluble. 

Lahnis (3) describing the influence of microdrganisms on the sulfur cycle (p. 705) sajrs 
that they do the principal work. The sulfides are transformed into hydrogen sulfide; the 
same may happen with the thiosulfates and more seldom with the sulfates. The H 2 S and the 
thiosulfate are oxidized into sulfates. At another place, however, (p. 708) he lays emphasis 
on the fact that the oxygen of the air has a strong oxidizing action. Allen and Johnston (1) 
found that when pyrites are ground for anal 3 ^es they suffer partial oxidation to sulfur dioxide 
and ferrous sulfate. 'Whether or not this action is of a purely chemical nature Kappen and 
Quensell (5) have tried to ascertain. They weighed into a porcelain dish, in the bottom of 
which was a filter paper, 100 grams of sandy soil, moistened with 15 cc. of water, and drained 
off the surplus with a suction pump. Hydrogen sulfide was passed through the soil till the 
mass had a black color. The soil was then placed in the open air and in 30 minutes the color 
had changed and the iron sulfide changed into iron sulfates. After standing for 5 hours 
the soil was treated with 10 per cent HCl and the amount of sulfuric acid determined in the 
extract. For 100 grams of untreated soil they found as an average 2.11 mgm. of sulfur 
as sulfates at the beginning and 2.34 mgm. after 5 hours. With the treated soil they 
found 4.15 mgm. at the beginning and 5.01 mgm. after 5 hours. They draw the conclusion: 
“dass Uberall da, wo sich im boden durch Faulnis von Eiweisstoffen Oder durch Reduktion 
von Sulfaten Schwefelwasserstoff bildet, oder sofort dutch dass wohl in alien Boden in 
dazu genligenden Mengen vorhandene Eiaenoxydhydrat unter Schwefelabscheidung und 
Reduktion des Eiseno:^des gebunden wird, und dass das Schwefeleisen, die Zutritts- 


^ Paper No. 91 of the Journal Series, New Jersey Agricultural Experiment Stations, 
Department of Soil Chemistry and Bacteriobgy, This paper will appear in Rutgers College 
Studies, Vol. 1. 

* Part of a thesis submitted to the faculty of Rutgers College and the State University 
of New Jersey in partial fulfillment of the requirements for the degree of Doctor of Philosophy. 
This work was started in France and partially repeated at the New Jersey Agricultural E:q)eri- 
ment Stations. 
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mo^chkeit von Sauerstoff naturlich vorausgesetzt, sich olme Einwirkung von Mikro- 
organismen weiterzersetzt. Die hSchste Oxydationsstoffe des Schwefels, die wieder ohne 
weiteres in den Kreislauf eintreten kSnnte, entsteht hierbei nicht, oder nur in spuren; es 
bildet sich vielmehr hierbei fast ausschiesslich elementarer Schwefel.” Their further 
studies led them to conclude that this elementary sulfur is changed to sulfates by 
various influences. Van Bemmelen (7, p. 81, 85, 97,98) pointed out that pyrites occur 
locally in diatoms and also in plant cells. He explains the formation of pyrites as a sulfate 
reduction. The iron in the soil is changed into iron sulfates in the presence of sulfates. By 
the oxidation of the iron sulfite sulfuric acid is formed. This sulfuric acid does not attack, 
or but very slightly attacks the silicates in the soil, but does attack the iron oxide present. 
This investigator concludes (p. 97) “that the iron oxide in the soil protects, to a certain 
extent, the humate and silicate bases against the action of the sulfuric add.” Iron sulfate 
is formed from this acid and the iron after the oxidation of the sulfur to sulfuric add. 

The studies made by the writer upon this subject are in general accordance 
with Van Bemmelen’s conclusions, but so far as biological factors are con¬ 
cerned, considerable room for study is left. 

PURPOSE OP mvEsnGAnoN 

From the work of Kappen and Quensel, Allen and Johnston and others it 
would seem that the action of bacteria on the transformation of iron sulfide 
into iron sulfate is slight or negligible. 

Two main points were open for investigation: 

A, Do sulfur oxidizing organisms transform iron sulfide into iron sulfate? 

B. If so, what is the influence of this transformation on the availability of 
rock phosphate composted with a mixture of pyrites, sulfur and soil? 

EXPERIMENTAL RESULTS 
Series 1 

A slightly add air-dry soil was secured and mixed thoroughly with not very 
finely ground iron p 3 rrites. This mixture was divided into two parts of which 
one part was inoculated with a soil-compost extract known to contain sulfur- 
oxidizing organisms. An equal amount of a slightly acid air-diy soil was 
mixed with flowers of sulfur, divided, and one part treated in a similar way as 
is described above. The mixture contained SO parts of soil and 100 parts of 
sulfur, while the amounts of pyrites used were calculated to contain the same 
quantities of sulfur. The iron pyrites consisted of 45.6 per cent of sulfur and 
47.8 per cent of iron. The water-holding capacity of lie mixtures was de- 
deteimined according to the Hilgard method and the moisture content kept 
at the supposed optimum of 60 per cent of the water-holding capacity by 
adding twice a week the amounts of water lost. The triplicate mixtures were 
placed in Erlenmeyer flasks closed with cotton plugs, stirred once every two 
weeks and kept at 28°C, during the incubation period of 14 weeks. Deter¬ 
minations of hydrogen-ion concentration, relative acidity and water-soluble 
sulfates were made at intervals of two weeks. The relative acidity and hy- 
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drogen-ion concentrations were deteimined in the manner described in an 
earlier paper (10). The water soluble sulfates were determined in the follow¬ 
ing way: 

The composts were thoroughly mixed and 4 grams transferred to a 500-cc. flask with 
about 200 cc. distilled water and 5 cc. HCl (22°B). Tke flasks were vigorously shaken and 
left standing for 12 hours; filtered into flasks of 250-cc. capacity, an aliquot drawn off, and 
precipitated with barium chloride. The precipitate was filtered off, washed and calcined, 
dried and weighed as baiium sulfate. 

The data secured are given in table 1. 


TABLE 1 

Comparative effect of inoculation on the producUon of water-soluble sidfaies in fmxitires of soil 
and iron pyrites and of soil and sulfur 


SOIL AND DELON PYKIIES COMPOST 


SOIL AND SULPDP COMPOST 


1 

Not inoculated 

Inoculated 

Not inoculated 

Inoculated 

1 

g 

i 

Reaction 

Soluble sulfate 

Reaction 

Soluble sulfate 

Increase over 
chedc 

Reaction 

Soluble sulfate 

Reaction 

Soluble sulfate 

Increase over 
check 

weeks 

P3 

cc.* 

ccnt\ 

pH 

cc. 

per 

cent 

Per 

cent 

P3 

cc. 

per 

cent 

pH 

cc. 

per 

cent 

per 

cent 

0 

6.1 

8.9 

0,63 

6.1 

8.9 

0.63; 


4.6 

23.4 

0.13 

4.6 

23.4 

0.13 

» • « • 

2 

6.0 

9.2 

0.88 

5.7 

14.2 

1.96 

1.08 

4.5 

24.8 

0.12 

3.9 

36.1 

0.88 

0.66 

4 

6.0 

9,4 

0.97 

4.4 

16.2 

2.47 

1.50 

4.7 

26.2 

0.16 

2.6 

172.1 

2.32 

1.16 


5.9 

9.7 

1,12 

3.6 

20.5 

3.27 

2.15 

4.4 

25.8 

0.15 

2.1 

279.5 

2.82 

2.67 

12 

5.8 

10.9 

1.26 

3.9 

28.3 

4.12 

2.86 

4.4 

26.0 

0.19 

2.0 

322.2 

3.22 

3.03 

14 1 

5.7 

12.2 

1.38 

4,2 

47.5 

4.65 

3.27 

4.4 

27.2 

0.21 

2.1 

305.9 

3.66 

1 

3.45 


* Acidity is expressed in cc. of 0.10 iV NaOH required to neutralize 100 gm. of mixture. 
Total sulfur content was taken as 100%. 


It is evident that, under these conditions, oxidation of iron p37rites took 
place in the uninoculated mixtures, as is indicated in the change of hydrogen- 
ion concentration, the increase in relative acidity and the per cent of water- 
soluble sulfates formed after 14 weeks. The increase was gradual, as was the 
case in the inoculated mixture. However, the change in pH values in the 
inoculated mixtures of soil and iron p 3 n:ites was considerably greater, and the 
relative acidity increased more rapidly. The water-soluble suKates formed 
had increased at the end of 14 weeks to more than 3 times the sulfates formed 
in the uninoculated mixture. The total water-soluble sulfates of the unin- 
oculated mixtures after 14 weeks was but 1.38 per cent of the sulfur present, 
while the total water-soluble sulfates of the inoculated mixtures after the same 
time of incubation had increased to 4.6S per cent of the sulfur present. The 
mixtures were less frequently aerated in order to see whether or not the inocu¬ 
lated mixture would produce more sulfates under the circumstances than the' 
uninoculated pyrite-soil mixture. 















138 


W. RUDOLFS 


The pH values in the inoculated mixtures went down to 3.6 after 8 weeks 
and from then on went up again, undoubtedly because the action of the add 
upon the pyrites constitutes a buffer action. 

In the uninoculated soil and sulfur mixtures the pH value went down 
gradually also, accompanied by a slight increase in relative acidity and water- 
soluble sulfates. It should be stated here that it was difficult to keep the 
uninoculated mixtures free from contamination. It is possible therefore that 
after some time the uninoculated mixtures contained sulfur-oxidizing organ¬ 
isms. In view of this possibility the cultures were discarded after 14 weeks. 
The inoculated sulfur-soil mixtures increased rapidly in acidity as shown by 
the higher hydrogen-ion concentration and the titrated acidity. The sulfur 
present was oxidized at nearly the same rate as in the case of the inoculated 
mixtures of iron pyrites and soil, the former being but 0.18 per cent more at 
the end of 14 weeks. If the mixtures had been more frequently aerated this 
difference would have been greater as indicated by other experiments. All 
mixtures remained closely packed and were not stirred except for taking 
samples. 

As could be expected, the hydrogen-ion concentration was considerably 
higher in the sulfur mixtures on account of the lack of material, except for the 
soil constitutents, with which the sulfuric acid might react. No attempt 
was made, however, to make a careful study of the possible increase in soluble 
potassium, iron, phosphorus, etc., present in the soil. 

A second series conducted in tumblers covered with glass plates gave essen¬ 
tially the same results, but contamination was more evident after 10 weeks. 

From the results obtained, the conclusion was drawn that sulfur-oxidizing 
organisms are active in the transformation of iron sulfides into iron sulfates 
when the pyrites are mixed with soil and kept at a supposed optimum moisture- 
content. 

Series 2. Pyrites composted with a mixture of soil, sulfur and rock phospJiale 

As has been pointed out it was interesting to find out what the influence of 
iron pyrites would be on the availability of rock phosphate when composted 
with a mixture of soil and sulfur. A series of experiments was conducted in 
which 100 parts of soil were mixed with 400 parts of rock phosphate and 
different amounts of sulfur and pyrites. For this purpose a slightly alkaline 
calcareous soil was used and the sulfur replaced by pyrites so as to have 
approximately the same amounts of sulfur in all experiments. The exact 
quantities of p 3 nites used together with the data secured in 12 weeks are given 
in table 2. The relative acidity and hydrogen-ion concentration was deter¬ 
mined at intervals and the available P 2 O 5 determined after 9 and after 12 weeks. 
One series of cultures was kept at room temperature and another series with 
the same additions incubated in darkness at 30®C. The pH values for the 
cultures incubated at 30®C. had after S weeks reached the point at which the 
phosphoric acid becomes available. The relative acidity increased rapidly 
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until the end of 7 weeks but from then on increased less rapidly. This could 
be expected on account of the neutralization of the acid by the tricalcium 
phosphate present. At the end of 9 weeks and at the end of 12 weeks there 


TABLE 2 

Influence of iron pyrites composted with a mixture of soil, sulfur and rock phosphate on the 

availabilily of 


M^UMBER 

MATERIALS IN ADDITION TO 

INITIAL 

AFTER 9 WEEKS 

AFTER 12 WEEKS 

PHOSPHATE AND SOILf 

REACTION 

Reaction 

Soluble 

PaOs 

Reaction 

Soluble 

PsOi 

Incubated at 30®C. 



PB 

cc.* 

pH 

cc. 

Per centt 

pB 

cc. 

percent 

1 

90 sulfur, 1 

60 pyrites/ 

6.9 

0.0 

3.1 

178.0 

9.39 

3.0 

198.4 

10.62 

2 

80 sulfur, 1 

80 pyrites/ 

6.9 

0.0 

3.1 

174.0 

8.93 

3.1 

189.8 

9.52 

3 

70 sulfur, 1 

100 P3mtes/ 

6.9 

0.0 

3.3 

152.0 

8.28 

3.1 

175.3 

9.94 

4 

60 sulfur, 1 

120 pyrites/ 

6.9 

0.0 

3.0 

171.0 

9.20 

3.0 

189.4 

10.62 

5 

120 sulfur 

6.9 

0.0 

3.2 

161.2 

8.88 

3.0 

180.1 

9.98 

Incubated at room temperature 

6 

90 sulfur,! 

60 pyrites/ 

6.9 

0,0 

5.6 

7.6 


4.6 

48.7 

0.76 

7 

80 sulfur, 1 

80 pyrites/ 

6.9 

0.0 

5.4 

16.5 

0.00 

4.0 

53.2 

1.96 

8 

70 sulfur, 1 

100 pyrites/ 

6,9 

0.0 

4.9 

14.4 


3.7 

48.6 

2.02 

9 

60 sulfur, \ 

120 pyrites/ 

6.9 

0.0 

5.2 

10.1 

0.00 

3.8 

21.5 

1.88 

10 

120 sulfur 

6.9 

0,0 

5.0 

14.2 

0.00 

3.7 

49.4 

1.98 


* Acidity is expressed in cc. of 0.10 iV NaOH required to neutralize 100 gm. of mixture, 
t AH mixtures contained 100 parts of soil and 400 parts of rock phosphate. 
t Total PaOg content was taken as 100 per cent. 


was no appreciable difference in total soluble P 2 O 6 and acidity in any of these 
cultures, and they did not appreciably differ from the cultures without pyrites 
used as checks. The same was true of the cultures kept at room temperature. 
The influence of temperature was very pronounced in these cultures. In 
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the cultures incubated at toom temperatiure but little P 2 O 5 had been made 
soluble after a period of 12 weeks. However, the accumulation of acidity in 
the mixtures with pyrites was as gradual as in the mixtures without pyrites, 
being approximately the same in most of the cultures. It seemed therefore 
that the iron pyrites did not interfere with the formation of sulfates, nor with 
the availability of phosphoric acid. 

Series 3. SvhstiMioii of ammonium sulfate for soil 

A series of experiments similar to those reported in a previous paper (10) 
table 5 was conducted with a mixture of 10 parts of soil, 400 parts of rock 

TABLE 3 

Effect of partial replacement of soil by ammonium sulfate in compost of soil, rock phosphate^ 

sidfur and iron pyrites 



INITIAL 

REACTION 

aUEACnON 

REACTION 

REACTION 

REACTION 

SOLO- 

REACTION 

TREAXMEKTt 

AFTER 

2 WEEKS 

AFTER 

4 WEEKS 

AFTER 

6 WEEKS 

AFTER 

10 WEEKS 

BLE 

PlOi 

AFTER 

12 WEEKS 


Incubated at 30®C. 




cc.* 

PB 

cc. 

PB 

cc. 

pB 

cc. 

pB 

cc. 

PE 

ter 

eentt 

cc. 

pB 

1 

None 

IB 

6.9 

2.8 

6.4 

41.2 

4.2 

74.5 

3.8 

92.1 

3.8 

5.12 

101.2 

4.0 

2 

0.2 per cent 
(NH)2S04 

i 

6.7 

43.5 

4.1 

76.7 

3.8 

127.3 

3.6 

132.2 

3.3 

9.54 

153.9 

3.9 


Incubated at room temperature 


3 

None 


6.9 

1.9 

6.6 

20.6 

5.2 

37.0 

4.1 

87.0 

3.8 

4.86 

99.7 

4.1 

4 

0.2 per cent (NH )2 
SO 4 

0.6 

6.7 

8.9 

5.5 

44.7 

4.1 

45.6 

4.0 

115.5 

3.4 

6.26 

159.6 

3.7 

5 


1.8 

6,6 

2.8 

6.4 

43.7 

4.5 

44.6 

4.0 

116.5 

3.4 

6.58 

140.6 

3.8 


* Acidity is expressed in cc. of 0.10 iV NaOH required to neutralize 100 gm. of mixture, 
t All composts contained 400 parts rock phosphate, SO parts sulfur, 100 parts iron pyrites 
and 10 parts soil or soil and ammonium sulfate, 
t Total PaOs content was taken as 100 per cent. 

phosphate, 50 parts of suKur and 100 parts of iron pyrites, and 0.2 per cent 
ammonium sulfate. This latter salt was used to replace the nitrogen supplied 
by the 90 additional parts of soil used in the earlier experiments. The mix¬ 
tures were incubated at 30®C. and at room temperature. Two tumblers in 
duplicate received 0.2 per cent of ammonium sulfate and to two of them was 
added also at the beginning of the incubation period 10 cc. of sulfuric acid per 
too grams of mixture. The p 3 ndtes had a lower pH value than the soil and 
rock phosphate, which resulted in making the mixtures slightly acid. Rela¬ 
tive acidity and hydrogen-ion concentration were determined at intervals of 
two weeks and av^able phosphoric acid at the end of 10 weeks. The re¬ 
sults are reported in table 3 . 
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The influence of ammonium sulfate was noticeable from the beginning in the 
cultures kept at room temperature as well as in the cultures incubated at 
30®C. The composts incubated at 30°C. which received 0.2 per cent of am¬ 
monium sulfate had accumulated an acidity at the end of 10 weeks equivalent 
to 132.2 cc. of 0.5 N NaOH as against an acidity equivalent to 92.1 cc. 0.5 
N NaOH accumulated by the cultures with no ammomum sulfate. 

The available phosphoric acid for these mixtures at the end of the same 
period was 9.54 per cent and 5.2 per cent respectively. 

Here again the strength of the acid formed, as indicated by the lower pH 
values after 10 weeks of incubation, was greater than after 12 weeks, although 
the total acidity had increased considerably in the period between 10 and 12 
weeks. It was at first thought that this was a mistake, but the jSgures given 
represent an average of 6 determinations. The measurement of hydrogen- 
ion concentration is a measuring of free acid at the time of the determination, 
and this changes continuously. Besides, the buffer action in the mixture may 
cause different readings at different times. Hydrogen-ion concentration 
measurements may indicate at which point of acidity accumulation phosphoric 
acid becomes available and in this way may afford a means to follow the prog¬ 
ress of bacterial activities; but they have, naturally, no value as measure¬ 
ments of the quantities of acid and add salts produced. 

Series 4. Aefration 

The aeration experiments reported in an earlier paper (10) were repeated 
with a compost consisting of soil, rock phosphate, sulfur, pyrites and ammo¬ 
nium sulfate as were used in series III. In addition, some of the mixtures which 
were continuously aerated received 10cc.of sulfurous add per 100 grams of the 
mixture at the beginning of the experiment, and others received similar quan¬ 
tities of sulfurous add in the stream of moist air used for aeration. The 
apparatus used in the earlier work (10) was used to provide the mixtures with 
moist air. The mixtures which were placed in tumblers and to which 10 cc. 
sulfurous add were added per 100 grams of mixture received these quantities 
at the beginning or by stirring into the mixtures during the first 8 weeks. All 
composts were placed at room temperature and kept in darkness. 

The results obtained are reported in table 4. It is evident from this table 
that aeration of the mixtures by means of a stream of air had very little or 
no beneficial influence upon the availability of the phosphoric add. Con¬ 
trary to the experiments reported before (10) these aerated mixtures accumu¬ 
lated considerable addity, provided ammonium sulfate was added. These 
particular mixtures had made available an average of 10.45 per cent phos¬ 
phoric add at the end of 10 weeks. This could not be attributed to the 
abundance of air acting on the p 3 rrites for the cultures without ammonium 
sulfate received exactly the same amounts of air. The effect is ascribed to 
the pyrites acting as catalyser and thereby favoring the action of the sulfur- 
oxidizing organisms. As evidence for this assumption it may be stated that 



TABLE 4 

Influence of continuous aeration on the accumulation of acidity and avaUdbh phosphoric acid 
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qualitative analyses of the mixtures showed that great quantities of iron 
suKates were present. This was undoubtedly due to the activities of the 
microorganisms, for but comparatively small amoimts of iron sulfates were 
present in mixtures numbers 1 and 5 which received no ammonium sulfates 
as a source of nitrogen and which in consequence produced but little acidity. 

The addition of sulfurous acid failed to stimulate these mixtures, both in 
the composts continuously aerated and in the mixtures kept in tumblers. 
Sulfurous acid stirred into the mixtures or added in the stream of moist air 
proved to be depressing rather than stimulating. The action of sulfurous 
acid therefore, seems in the first place of a sterilizing nature. Especially where 
small amounts of soil are used this action is more pronounced. 

Series 5. Vegetation experiments 

Since iron is one of the absolutely essential elements to normal growth and 
development of all agricultural plants, but since the quantities of iron in the 
soil are usually so large and supposed to be available in sufficient amounts to 
perform the necessary functions, it is not often applied as a fertilizer. 

Strenuous efforts have been made by the manufacturers of certain products 
to introduce iron sulfate, which is a common by-product of a number of 
manufacturing processes, as a fertilizer. Pyrite cinders have been used in 
many places with success, especially in the Aisne region in France. Their 
value has been attributed both to the iron sulfate and to small amounts of 
nitrogen which these cinders contain. 

Vivien (9) mixed 1 per cent of roasted pyrites with manure and found that 
considerable amounts of nitrates were formed, whereas in manure treated with 
acid phosphate, iron sulfate, calcium sulfate, and lime, only traces of nitrates 
were found. 

Vermorel and Dantony (8) employed iron pyrites at rates of 100 and 200 
kgm. per hectare as a top-dressing for wheat and beans. In one series they 
employed pure sand with additions of 50 kgm. sodium nitrate per hectare and 
in another series 100 kgm. dried blood per hectare. The pyrites was applied 
as a top dressing and mixed with the sand. 

The pyrites increased the yields of wheat 40 per cent and for beans 50 per 
cent. These investigators conclude that the sulfur of the pyrites acted as a 
stimulant. They foimd however, that pyrites alone was more effective than 
sulfur alone on wheat and less effective on beans. Best results were obtained 
with a mixture of sulfur and pyrites. 

Since these investigators had better results with a mixture of pyrites and 
sulfur the question can be raised whether this' was due to the iron in a form 
more available to the plants. Van Alstine (6) concludes from his solution 
culture work that with a limited supply of iron in the form of ferric hydroxy- 
phosphate '^a hydrogen-ion concentration of 4,5 is as low as can be expected 
to dissolve the amounts of iron necessary for proper growth of buckwheat, 
soy beans and wheat. With lower hydrogen-ion concentrations so little iron 
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is dissolved that these plants are unable to get the amounts they need and 
begin to show chlorosis as soon as the supply in the seed is used up/’ The 
form in which iron is supplied is very important as is shown by Jones and 
Shive (4) in theix nutrient solution work. In the nutrient solution employed, 
iron in ike form of ferric sulfate was very slowly and difficultly available to 
wheat plants even when supplied in relatively large quantities, but ferrous 
sulfate appeared to be readily available to these plants. It might be that the 
good results of Vermorel and Dantony with p 3 nites were caused by the iron 
rhangnng from the sulfide into the sulfate form and thereby becoming more 
readily available, for they used paraffined pots with certain quantities of pure 
sand which was carefully freed from organic material. Through the washing 
of the sand they had naturally removed the iron present. That sufficient iron 
in the soil is not always available to plant growth is shown by the results 
obtained bv Chanzit (2) with vines which showed chlorosis. He found that 
the presence of excessive amounts of CaCOa in the soil caused chlorosis to the 
vines, which he could overcome by applying 2S0-300 gm. of ferrous sulfate to 
each vine during the winter. 

An experiment was carried on in the greenhouse in earthenware pots with 
washed quartz sand. Shive’s nutrient solution (R5C2) was used as basis. 
The following treatments were used (the numbers refer to the pot cultures): 

1. None. 

2 . Pyrites, 

4. Nutrient solution (RbC 2 ). 

5. Nutrient solution and pyrites. 

6 . Nutrient solution, but phosphorus replaced by ground rock phosphate. 

7. Nutrient solution, but phosphorus replaced by ground rock phosphate, and pyrites. 

9. Nutrient solution, but phosphorus replaced by ground rock phosp^te, inoculated sulfur, 
and pyrites. 

The pyrites were added at a rate of 200 pounds per acre. The amount of rock phosphate 
employed was 2 tons per acre, calculated to be approximately the same as in the nutrient 
solution. Sulfur was added at a rate of 100 pounds per acre. 

Soy beans were grown for 6 weeks and the yields obtained are recorded in 
table S, together with other data obtained. 

Although the yields of tops were but slightly higher for the cultures re¬ 
ceiving pyrites in addition to the nutrient solution, they were markedly earlier 
in maturing. After 4 weeks all plants to which pyrites were added were 
blooming, wb'le but one plant of the other cultures started to bloom at that 
time. This earlier maturing is also indicated by the number of pods produced 
after 6 weeks. The plants receiving inoculated sulfur and pyrites were dead 
after 18 deiys. The acidity produced was apparently too high for these plants. 

Although no conclusions could be drawn from these experiments, since they 
were of a too linuted scope, they seem to point to the possibility that at least 
a part of the increase in yields obtained by Vermorel and Dantony is caused 
by a change of the iron to more soluble forms, since no iron was applied at the 
begi nnin g of the experiments, conducted by these investigators. 



OXIDATION OP IRON PYRITES BY SULFUR ORGANISMS 


145 


TABLES 

Yields of soy bean tops grown in sand cultures for 6 weeks with Skive's nutrient solution as basis, 

and with additions of pyrites 


POT 

KOUBER 

TREATMENT 

DRY 

WEIGHT 

or 

TOPS 

AVER¬ 

AGE 

HEIGHT 

NUMBER 
OP PODS 

nnruL 

RE¬ 

ACTION 

PINAL 

RE¬ 

ACTION 


per acre 

gm. 

cm. 


P3 

ps 

1 

None 

0.850* 

8 

Bloom 

5.8 

6.7 

2 

Pyrites, 200 lbs. 

0.990 

7.5 

Bbom 

5.4 

6.5 

3 


3.342 

14 

3 

5.4 

6.5 

4 

R 6 C 2 , pyrites, 200 lbs. 

3.610 

15 

9 

5.2 

6.6 

5 

R 6 C 2 , rock phosphate, 2 tons; pyrites, 200 lbs. 

2.022 

10.5 

2 

4.9 

6.4 

6 

R 6 C 2 , rock phosphate 2 tons; sulfur, 100 lbs.; 
pyrites, 200 lbs. 

0.704 

dead 


5.0 

3.3 


* All measurements are an average of tliree cultures. 


CONCLUSIONS 

1. From these studies it seems evident that iron pyrites can be attacked by 
microorganisms and changed into the suKate form. No attempt however, 
was made to study the intermediate steps in the changes occurring. If small 
quantities of sulfur are added these changes are much more rapid, 

2. Pyrites composted together with sulfur and rock phosphate do not in¬ 
terfere with the gradual increase in acidity formation nor with the increase in 
availability of phosphoric add. 

3. The replacement of soil with ammonium sulfate in composts in which 
quantities of sulfur are replaced by iron sulfide produced a marked increase 
in available phosphoric add. The effect, when suffident nitrogen is present 
for the needs of the microorganisms, is ascribed partly to the pyrites acting 
as a catalyser and as such favoring the action of sulfur-oxidizing orga ni s m s, 
and partly to the changes from the sulfide into the sulfate form. 

4. Aeration of sulfur-pyrites-rock phosphate compost mixtures by means 
of a continuous stream of air has little or no beneficial effect upon the pro¬ 
duction of acidity and consequent availability of soluble P 2 O 6 , unless ammo¬ 
nium sulfate is added. 

5. The action of sulfurous add in such mixtures seem to be mainly of a 
sterilizing nature. 
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PLATE 1 

Plants Grown in Sand Cultures with Shive’s Nutrient Solution as Basis and*with 

ADDmoNS OF Pyrites 

Treatments were as follows: ( 1 ) none; ( 2 ) pyrites; (4) RjCj; (5) R 5 C 2 and pyrites; (7) RsC* 
and rock phosphate; (9) RsQ, rock phosphate-sulfur mixture and pyrites. 
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A MICROSCOPIC METHOD FOR DEMONSTRATING FUNGI 
AND ACTINOMYCETES IN SOIL^ 


H. J. CONN 

N&w York (Genem) Agricultural Experunent Station 
Received for publication October 24, 1921 

A few years ago a microscopic method for examining soil was proposed by 
the writer (2). Dried and stained microscopic mounts were used. Surprise 
was expressed at the time that practically no mold hyphae were observed in 
ordinary soils. It was remarked that there was no question but that fungi 
can live in the soil, and that the failure to find fungi in microscopic prepara¬ 
tions did not disprove their acti^dty in agricultural soils in general In spite 
of such comments, however, the paper has been interpreted in some quarters 
as denying the activity of fungi in soils. 

As the writer has always believed in their activity in soil under favorable 
conditions, it seemed well to continue the work by improving the methods of 
determining the presence of active fungi in soil, and to notice under what con¬ 
ditions they are most abimdant. The criticism has been raised against the 
above mentioned microscopic technic that it might fail to show fungus fila¬ 
ments even if present—^they might be tom off the slide in washing, they might 
be so affected by drying as to fail to stain, or the fimgi might even occur in 
some vegetative form not easily recognized. That this criticism is not entirely 
justified may be shown by sterilizing a small quantity of soil in a test tube, 
inoculating it with mold spores of almost any species, and then after incuba¬ 
tion examining under the microscope by the method in question. The pre¬ 
sence of fungous h 3 rphae is easy to demonstrate in any such inoculated soil, 
where they are known to be growing actively. 

In spite of such findings, however, there seemed a possibility that there 
might be some truth in the claim that when but small quantities of filaments 
are present they may be washed off the slide and fail to show in the finished 
preparation. To meet this criticism, therefore, an improved technic has been 
developed, using wet moimts instead of dry. The technic is as follows: 

Place a small crumb of soil (10 mgm. or less) on a microscopic slide. Mix it with two or 
three drops of water. Then dip a small glass rod into a methylen blue solution (either satu¬ 
rated aqueous or the LoefSer solution), and introduce the rod into the drop of soil infusion 
on the slide. Mix well together and cover with a cover slip, removing any sand grains that 
would prevent the cover slip from resting level. The strength of the stain on the slide 
should be such that the mount appears distinctly blue to the naked eye, but the field is 


^ This and the following paper appear together by mutual request of the authors.—^E d. 
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only slightly tinted when viewed through the microscope. If too much stain has been added, 
it may be washed out without removing the cover glass by placing a drop of water on one side 
and touching the other side with a piece of filter paper. Examine with a dry lens and a 
highpower eye piece. The combination of lenses that has proved best for general purposes 
is a 16 mm. objective with a 15x compensating eye-piece. 

By using this technic, fungus filaments, or at least fragments of them, have 
been observed in nearly all the soils that have been examined—a finding more 
nearly in accord with what was to be expected than was the observation made 
with the earlier technic. In the greater number of cases, however, the fila¬ 
ments were far from abundant. Sometimes in the whole preparation (com¬ 
prising at least 5 mgm. of soil) only four or five fragments of mycelium were 
observed. The cases where they were found in sufficient abundance to sug¬ 
gest that they might have been pla 3 dng a prominent part in the soil activities 
were those which would naturally be predicted; namely, where large amounts 
of undecomposed organic matter were present. By this same technic it was 
found that actinomyces filaments are abundant in some soils and entirely 
lacking in others, although plate counts always show large numbers of these 
organisms. 

These observations emphasize even more than previous work the fact that 
plate counts of spore-forming organisms give no real idea as to their activity 
in any substance under investigation—^be it soil or any other habitat of micro¬ 
organisms. By using this microscopic technic it is possible, for example, to 
demonstrate an increase in the number of actinomycetes in soil in which young 
grass is growmg. The plate count, to be sure, as pointed out some time ago 
(1), shows larger numbers of actinomycetes in sod than in cultivated soil; 
but this difference was never noticed until the sod was two or three years old. 
The microscope indicates that the increase in their activity takes place early 
in the life of the grass, but that their spores do not greatly increase in numbers 
for some time. 

The promising feature in connection with the new technic is that it offers 
a rapid and apparently accurate method of determming the presence of vegeta¬ 
tive of fungi and actinomycetes. The plate count gives misleading conclu¬ 
sions, as it is really a count of spores; the dried microscopic preparations show 
the filaments only when they are exceptionally abundant; the wet mount 
method is the only means yet at our disposal for getting direct evidence as to 
the extent of their vegetative activity. By using it, there should be no trouble 
in learning which soil conditions specially favor the development of these 
filamentous organisms. 


SUMMARY 

It is generally agreed that spores of fimgi are universally present in soU and 
that they are capable of growing there under proper conditions. The presence 
of these spores in itself indicates activity at some recent date, as they are 
found too deep in the soil to be the result of air contamination without growth. 
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Naked-eye evidence shows that certain fungi, such as mushrooms, puffballs, 
etc., can thrive in soil, especially if it is well supplied with woody material 
or cellulose. This does not, however, necessarily indicate large activity of 
fungi in ordinary cultivated field soil to which little organic matter has ^en 
added, since the microscope shows mycelium to be present in but small quanti¬ 
ties in such soil. 

It must be acknowledged that fungi are always a potential factor, and 
possibly an important factor in soil fertility even though in ordinary culti¬ 
vated soil their filaments may be few and their activities overshadowed by 
those of bacteria. In order to learn when and where they become active, 
instead of merely potential, factors in the soil activities, a simple method is 
needed for demonstrating the abundance of their vegetative forms, so as to 
correlate their abundance with the chemical transformations known to be 
occurring in soil. It is felt that the present technic supplies this much needed 
method. 


REFERENCES 

(1) Conn, H. J. 1916 A possible function of actinomjrcetes in soil. N. Y. Geneva Agr. 

Eip. Sta. Tech. Bui. 52; dso in Jour. Bact, v. 1, p. 197-207. 

(2) Conn, H. J. 1918 The microscopic study of bacteria and fungi in soil. N„ Y. Agr. 

Exp. Sta. Tech. Bui. 64. 




THE GROWTH OF FUNGI IN THE SOIL»'* 
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A few years ago, the writer published a note (6) relative to the fact that 
fungi exist in the soil not only in the form of spores, but also as mycelium, which 
indicates that these organisms are active in the soil and take a part in the soil 
fertility processes. A method has been suggested for the demonstration of 
this fact, and, by the use of this method, which is quite simple, a number of 
fungi have been found to exist in the soil in the form of vegetative mycelium. 
The majority of the organisms isolated by this method were found to belong 
to the Mtworales and were included in the genera Mucor^ Khizopus and Zygor- 
hynchus. Such large groups of soil organisms as the Pemcitlia, Aspergilli 
and Cladosporia were not obtained at all or only in very few instances by this 
method. This would point to one of two considerations; either the Muco- 
rales develop more rapidly out of the soil and thus crowd out the other organ¬ 
isms or, that the Mticorales and a few other fungi, such as Trkhodermae are 
present in the soil in the form of vegetative mycelium, while the PenicUUa^ 
Aspergilli and Cladosporia are present there only in the form of spores. 

When the common plate method is used for the study of soil fungi, the 
opposite may be found to hold true: the Mmorales may not develop to such 
an extent as the PenicUlia, Aspergilli and Cladosporia, while such fungi as the 
green Trichodennae are obtained by both methods. The following hypothe¬ 
sis then suggested itself: the Mucordles and Trichodennae are always present 
in the soil in the form of spores and vegetative mycelium, the various repre¬ 
sentatives of these groups preferring one or another soil type or different en¬ 
vironmental conditions; the Penicillia, Aspergilli and Cladosporia, which are 
common air inhabitants and are found abundantly above the surface of the 
soil, in the dust, are always present, one group or another, in the soil in the 
form of spores, which may germinate and produce a vegetative mycelium, 
when soil conditions become favorable, as in the case of addition of organic 
matter, proper moisture content, etc. 

Since the first note was published, several reports were made by the writer 
(7,8,9), in which a study was made of the fungous flora of the soil and it was 

^ Paper No. 96 of the Journal Series, New Jersey Agricultural Experiment Stations, 
Department of Soil Chemistry and Bacteriology. This paper will appear in Rutgers College 
Studies, Vol. 1. 
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established without any doubt, that fungi (or molds) are permanent inhabi¬ 
tants of the soil and take part in important soil processes. Forms isolated 
in one locality may also be found in soils thousands of miles away, under 
entirely different environmental and soil conditions. However, the common 
plate method used with such convenience for the study of soil bacteria is 
entirely inadequate for the study of fungi, since not oidy the numbers but 
even the species of fungi developing on the common agar or gelatin plate do 
not give a true indication of the relative abundance and possible importance 
of fungi in the soil. This is due to the fact that the mycelium in the soil, 
however abundant, may be entirely absent, when the soil is diluted 10,000 or 
more times, for plating out of bacteria, while the fungi developing on the 
plate indicate only the spores of fungi present in the soil. These are so un¬ 
evenly distributed that great variability is found not only throughout one soil 
sample but even on plates made from the same dilution, so that one plate may 
contain two or three colonies and a duplicate plate eight or ten fungus colonies. 
In addition to the method suggested by the writer for the demonstration of 
fungus mycelium in the soil, a direct microscopic method has been suggested 
by Conn (2). The later investigator (1, 2), however, was unable to demon¬ 
strate any mold hyphae in the soil, which led him at first to conclude that 
molds are of relative insignificance in the soil. When one considers the fact 
that, for microscopic examinations, only a very small fragment of soil can be 
used and this is further diluted with water, one is not surprised that hyphae 
are not obtained by the microscopic method. Under these conditions any 
mycelium which would be present in a larger granule of soil, would be in most 
cases eliminated, since the mycelium is not so readily broken up into fragments 
as a bacterial chain. Then, mold hyphae assume in the soil a somewhat dif¬ 
ferent appearance than in pure culture and might easily be mistaken, in a 
stained preparation, for organic matter. 

The current idea about soil fungi was that these organisms are abundant 
only in soils of add character and well supplied with organic matter. This is 
quite right, but it has also been pointed out in previous publications of the 
writer and others (3) that fungi are present in neutral and alkaline soils as 
well as in sandy soils containing very little organic matter. The following 
results will show that, 1, fungi are present in a mycelial stage in the soil and, 
2, fungi are present abundantly not only in add soils and those rich in organic 
matter, but even in nearly pure silidous sands not only in the form of spores 
but as abundant mycdium and also in neutral soils. 

The author’s method used for demonstrating fungi is, briefly, as follows: a 
dump of soil, the size of a large pea, taken out carefully from iht soil sample 
with as little contamination from the air as possible, is placed in the center of a 
sterile plate, into which 10-12 cc. of a sterile nutrient agar, favorable for the 
development of fungi, has been placed; the soil is dightly pressed into the 
agar, so as to be surrounded by the nutrient medium. The plates are incu¬ 
bated at 25-d0®C. At the end of 24-26 hours’ incubation, the plates are 
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examined. Mold h 3 ^hae are then found to radiate out of the dump of soil 
into the surrounding medium. This is based upon the fact that the fungi 
present in the soil in the form of mycehum will grow at once into the medixim, 
before the spores can germinate and develop hyphae. When a small piece 
of agar containing the growing mycelium, preferably a tip of a growing hyphae 
as far from the dump of soil as possible, is transferred upon a sterile slant of 
agar practically a pure culture of the particular fungus may be obtained. 

One of the most common soil fimgi found in the soil by the above method is 
a species of Zygorhynchus^ dosely related (5) to Zygorhynchus mUleminii 
(Namys). A somewhat different species has been commonly found in northern 
soils obtained from Alberta (Canada) and Alaska, This fungus has been 
found by the direct method in practically all the soils examined, independent 
of the fact whether the soil is rich or poor in organic matter, add, neutral or 
alkaline in reaction. Of spedal interest is the fact that this organism is found 
abundantly in subsoils, particularly sandy subsoDs. Invariably a pure culture 
of this organism has been obtained by placmg a dump of sandy subsoil, even 
as far as thirty inches deep, upon the plate. 

Recently a sample of soil was received from Lakewood, N. J. It was ob¬ 
tained from an excavation and was stated to be present there in large quanti¬ 
ties; its character was so unusual that an analysis was asked for. The soil be¬ 
longs to the Lakewood series of sandy soils described in the soil Survey of the 
Freehold area (4), and is nearly a pure white sand, so typical of the New Jersey 
pine barrens. This particular sample, which was obtained in a sand excava¬ 
tion and was stated to represent a ^^considerable quantity^’ was found to be 
dumped together by a sort of a fine cottony mass penetrating throughout the 
soil. The soil had a reaction equivalent to pH 6.2 and contained, by the 
Kjddahl method, 0.0123 per cent nitrogen. 

This soil was examined for its content of microorganisms. The common 
plate method gave, in a 10,000 dilution, two or three bacterial colonies and two 
or three actinomycetes, per plate, A 1000 dilution gave fifteen to thirty 
bacterial colonics, six to ten actinomyces colonies, and one or two colonies of 
a green PcnicHlium. The direct method revealed the puzzle. A pure culture 
of the common soil Zygorhynchus was readily obtained and this was found to 
be the organism, whose mycelium penetrated the sand to such an extent that 
it hdd it in a compact mass. This organism which is found abundantly in 
the poor sandy subsoils of the Sassafrass series of New Jersey was found to 
grow to such an extent in this barren sand as to hold the sand together com¬ 
pactly. What r61e this organism plays in the soil is not yet known. It either 
decomposes the traces of organic matter present in the soil, making the nitrogen 
and minerals available for the scrub pines, or, as in the case of the subsoils, 
it merely thrives in this medium, practically free from other competing micro¬ 
organisms, on the minerals washed down from the surface soil by the drainage 
waters. This fact, of course, would not point to any great importance of 
fungi in the soil, but tends to indicate that they may become readily active 
imder favorable circumstances. 
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Another interesting instance of the activity of fungi in the soil is found in 
the following illustration. A farmer located a few miles from the Experiment 
Station observed the fact that, by mixing soil, undecomposed organic matter, 
such as clover, alfalfa, etc., and non-nitrogenous mineral fertilizer, then add¬ 
ing the proper amount of water, a good growth of molds lakes place. When 
this mixture was turned over every two or three days, the molds decomposed 
the organic matter so rapidly that, in seven days, the whole mass was quite 
similar to leafmold, and compared favorable with prepared organic fertilizers 
for certain greenhouse plants. The farmer went so far as to apply for a patent 
on this process. When this mixture of soil, organic matter and mineral 
fertilizer was examined, it was found that a few species of Mucor {M. plumbeus, 
etc.), were chiefly responsible for the decomposition of the organic matter and 
for the artificial formation of the leafmold. The Mucors grew to a height of 
one to two inches above the surface of the mixture. 

However, to be able to determine the actual number of fungi in the soil, 
as represented both by the numbers of spores and pieces of mycelium, a new 
procedure has been developed. This was a result of a series of studies on the 
variability of numbers of microorganisms in the soil as determined by the plate 
method (10). It was found that, when the numbers of fungi are determined 
on the plates prepared for the count of bacteria and actinomycetes, the varia¬ 
bility is so great, due to the high dilution of the soil and, therefore, to the small 
numbers of fungi obtained, that the probable error obtained even from as 
many as SO plates prepared from one soil is so large as to make the results 
worthless. Where low dilutions of the soil are employed, so many bacteria 
wiU develop on the plate as to actually crowd out a good many fungi and 
make the count entirely unreliable. 

By the use of special add media, on which no bacteria and actinomycetes will 
develop, and low dilutions (about 1000), the numbers of fungi can be deter¬ 
mined quite accurately. Of the acid media two can be suggested: 

1. Raisin agar, prepared by heating 60 gm. of raisins in 1000 cc, of tap water for 1 hour, 
then adding 25 gm. of agar, dissolving, adjusting the reaction to pH 4.0, ^tering, tubing and 
sterilizing as usual. 

2 . Synthetic agar: 10 gm. dextrose, 5 gm. peptone, 1 gm. KH 2 PO4, 0.5 gm. Mg SO4,1000 
cc, of water. Enough 1.0 N acid (sulfuric or phosphoric) is added to make the reaction 
equivalent to pH 3.6-3.8. This will require about 5-7 cc. 1 .OiV add per liter of medium. 
Twenty-five gm. of agar are then added and dissolved by boiling. The medium is then fil¬ 
tered through cotton, tubed and sterilzied as usual. The reaction of the medium after 
sterilization diould be pH 4.0. 

By the use of the two acid media and a low dilution of soil (2-0.5 per cent 
of that used for counting of bacteria), plates can be obtained containing only 
fungus colonies. The number of fungus colonies per plate should be between 
30 and 100. Incubate 48-72 hours at 25°C. Where the majority of the colo¬ 
nies are of the same species, there is ground for suspicion of air blown spores, 
rather than soil forms. 
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By the use of this method, not only were the numbers of fungi present in 
the soil found to be lower, but the results were more definite and less variable. 
Even more important, a definite correlation has been found between soil 
treatment, soil reaction and numbers of fungi in the soil, as indicated in the 
following table. 


TABLE 1 


Influence of soil treatment upon numbers of fungi as determined by the plate method 


SOIL lERTILKlTlON 

REACTION 

NUMBERS OP 
PUNGI PER 
GRAM or SOIL 

Minerals only. 

pB 

5.6 

5.8 

5.8 

4.0 

6.6 

6.2 

37,300 

73,000 

46,000 

110,000 

26,200 

39,100 

HM.vily manured. 

Sodium nitrate. 

Ammonium sulfate. 

Minerals and lime... 

Ammonium sulfate and lime..... 



Manure and acid fertilizers (ammonium sulfate) stimulate an increase in 
the numbers of fungi. By making the reaction less acid, lime results in a 
great decrease in the numbers of fungi. Further information on this method 
and more extensive results will be published later. 
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FIELD MOISTURE CAPACITY AND WILTING POINT 
OF SOILS 


W. L. POWERS 
Oregan Experiment Station 
deceived for publication November 23, 1921 

The storage capacity of the soil for usable moisture xmder field conditions 
affects the amount of irrigation, necessary while the drouth, or wilting, point 
affects the time of irrigation and defines die lower limit of field capacity of the 
•soil for usable moisture. The field capacity of the soil for usable moisture 
has come to be regarded, therefore, as one of its most important, if not the 
most important of physical properties. These matters have come to be given 
careful study in connection with Oregon Soil Investigations. 

The wilting coefficient is the moisture content of the soil at which the plant 
wilts permanently or at which it cannot maintain its turgidity. This point 
has been regarded as varying but slightly with different plants, not usually 
more than per cent. It has commonly been regarded as varying widely 
with different soils. This wilting point represents the lower limit of available 
moisture. Briggs has shown (2) that it is approximately one and one-half 
times the hygroscopic coefficient. In coarse-textured sofls the hygroscopic 
coefficient is very low and the wilting coefficient correspondingly low. In 
fined-texture soils these points are fairly high, the hygroscopic coefficient 
lying between 10 and 18 per cent, wilting occurring at IS to 27 per cent. In 
some Oregon peat soils, the wilting coefficient has been found to be as high as 
65 per cent. Oregon studies indicate that the wider the range in the different 
moisture points and the finer the texture, the greater is the difference between 
the wilting points of different crops grown on a given soil. With soils of 
coarse texture, where there is a narrow range of important moisture points, 
there is less difference in the wilting point of various crops. Oregon stuches 
indicate that the difference is greater than was formerly supposed and 
reported (2). 


WILTING POINT STUDIES UNDER FIELD CONDITIONS 

The moisture history of dry-farmed and irrigated plats, including both 
meadow and cultivated plats, located on Willamette sUty clay loam was 
obtained at the Oregon Station during 1910. From these data it appeared 
that the clover and other meadow crops did not require irrigation until the 
moisture content for the first two feet of soil dropped down to 14 or IS per cent, 
dry weight. For potatoes the moisture content of the same strata did not 
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reach this low point during the entire growing season on dry plats, and the 
plats to be irrigated showed indications of drouth, when the moisture in the 
first two feet was still 20 or 21 per cent. An experiment was, therefore, planned 
determine the drouth point of potatoes and of clover, or the point at which it 
was best to apply irrigation water. A series of plats in duplicate was set aside, 
to be cropped to potatoes, one plat to be irrigated when the moisture content 
of the first two feet had dropped to twenty-three per cent point; the second 
when the moisture content reached the twenty-per cent point, and the third 
when the moisture had dropped to the seventeen-per cent point. After 1911 

TABLE L 


Value of solUmoisture tests in determining the exact time to irrigate 


CROP 

T&EATIifCNT 

TOTAL 
YIELD 
PER ACRE 

[ 

GADT OVER DRY 
PLAT 

GAIN 
PER 
ACRE- 
INCH OP 
WATER 
ADDED 

WATER 

RE¬ 

QUIRE¬ 

MENTS 

(1911) 


hu. 

bu. 

per cent 

bu. 

lbs. 

Potatoes (Reed. 3 by 3 iaches) 

Irrigated 23 per 







cent (or 9 iaches) 

292.5 

157.4 

117 

17.5 

1058 

Potatoes (Reed. 2 by 3 iaches) 

Irrigated 20 per 







cent (or 6 inches) 

308.5 

173.4 

128 

28.9 

799 

Potatoes (Reed. 1 by 3 iaches) 

Irrigated 17 per 







cent 

176.4 

41.3 

31 

13.8 

1326 

(1913) 







Potatoes (Reed. 2 by 2 inches) 

23 per cent 

260.0 

-40.5 

-13.0 

-10.1 

973 

Reed. 1 by 2 inches 

20 per cent 

342.0 

41.5 

18.0 

10.4 

655 

Reed, none 

17 per cent 

300.5 




629 

(1911) 







□over 


tons 

(q;reen) 


tons 


1 by 4 inches 

20 per cent 

17.05 

6.60 

63 

1.85 

338 

1 by 4 inches 

17 per cent 

19.37 

8.92 

85 

2.23 

306 

1 by 4 inches 

14 per cent 

19.62 

9.17 

88 

2.29 

303 

0913) 







2 by 5 inches 

20 per cent 

4.925 


No diy plant, 

514 

1 by 5 iaches 

17 per cent 

5.175 


2 nd crop year 

539 

1 by 5 inches 

14 per cent 

5.100 




4S9 


the points at which irrigations were applied were changed to 24, 21, and 18 
per cent, respectively. At the same time clover plats were laid out to be 
irrigated whi^ the moisture content dropped to the 20 per cent, 17 per cent, 
and 14 per cent points, respectively. An experiment was conducted for the 
years 1911,1912, and 1913. Data were reported in Bulletin 122 of the Oregon 
Experiment Station. Since it is out of print, a summary of the more impor¬ 
tant data is presented in table 1. 

In a summer of low precipitation, 1911, and in a summer of high precipita¬ 
tion, 1913, irrigation of potatoes when the moisture content reached 20 per 
cent seemed to give the greatest increases on the Willamette silty clay loam 
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soil, on the Corvallis experiment field, and this moisture content has come to 
be tahen as an indicator of the exact time to irrigate this crop. During the 
same years it developed that clover was best irrigated when the moisture 
point dropped to 14 or 15 per cent for the first 2 feet; the moisture did more 
good when applied at these points, as the water requirement per pound of dry 
matter was generally lower under such conditions. 

In order to check the drouth points of these aops and to eliminate any 
reinforcement of moisture from the subsoil secured by the deep roots of the 
clover plants, a series of Briggs t 3 q)e tanks were arranged in duplicate in 1918, 
and each of these crops grown m six tanks. Two tanks were irrigated when 
the crop was distinctly wilted, a second pair when the crop was but slightly 
wilted, and third pair when the crop was still in a fresh condition. Experi¬ 
ments were conducted in 1918 and the following year additional tanks were 
added for beets and alfalfa. After the crop growth was well under way, the 
tanks were allowed to dry down to the drouth point as indicated by the ap¬ 
pearance of the crop at 3:00 p.m. Samples were then taken for soil-moisture 
deteimioation from cores extending throughout the depth of the soil tank. 
The tanks were then given different amounts of irrigation to re\ave the plants 
and allowed to dry down until the average tank should again show slight 
wilting and the minimum tank distinct wilting, whereupon they were re¬ 
sampled. Representative tests are shown in table 2. 

Some lack of uniformity in the data appears on account of interference of 
war conditions and the pressure of other work, but the average point at which 
the clover was found to wilt in these tanks was 16 per cent, for potatoes it was 
17.5, for beets 20.3. This is the mean drought point by crops for this soil. 
The lower wilting point for all crops early in the season is due to low temperature 
(5) and relative humidity which was about 60 per cent, while later determi¬ 
nations were made with summer temperatures of 80® to 90“r. and a relative 
humidity of about 30 per cent. The water requirement was determined for 
potatoes and beets. Ihe water requirement was generally lower for the crops 
in the average tanks. The data are sufEcient to indicate strongly that the 
wilting' point of the different crops varies more than has formerly been supposed. 
The indications are that it varies more widely in soils of heavy texture and 
wide range of important moisture points. 

The wilting point as determined by laboratory methods for wheat seedlings 
in this Willamette silty day loam has been found to be 15 per cent. 

HELD MOISTDSE CAPACITY 

The usable water capadty of nearly a score of important irrigated soils in 
different irrigated valleys of the state has been studied in connection with 
duty-of-water investigations (3) in order to secure definite information as to 
the best amount to apply at one time. Various factors affecting this field 
capadty have been measured. Cylinders 6 inches in diameter and 1 foot long. 
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or of approximately one-fifth cubic foot capacity were forced into the soil to 
a depth of 1 foot and the samples thus secured were saturated in a damp en¬ 
closure in the laboratory, drained to constant weight, and the total moisture 
content determined. This practice also afforded opportunity to determine 
the volume weight per cubic foot. Field samples taken for soil-moisture 

TABLE 2 


WUting points of different crops 




COMPAR¬ 

ATIVE 

ACTUAl 


ACTUAL 


ACTUAL 

MOIS¬ 

TURE 

SEPT. 

10 


WATER 

CROP 

TANK 

MOIS- 

MQIS- 

coNurnoN 

UQIS- 

CONDITION 

CONDITION 

RE- 

NU1£BER 

rURE AT 

TURE 

OF PLANTS 

TURE 

OF PLANTS 

OF PLANTS 

QUIRE- 



S4MP- 

LINO 

JULY 17 


AUG. 9 



MENT 




per cent 


percent 


percent 


lbs. 


1 

IVIin. 

9.5 

Firing 

13.3 

Dwarfed 

17.8 

Matur- 



3 

Min. 

8.3 

Firing 

12.4 

Dwarfed 

16.3 

ing 


Clover 

3 

Ave. 

10.5 


17.3 

Plump 

16.5 



4 

Ave. 

11.2 

Wilting 

16.2 

Limp 

18.5 

'Growing 



5 

Max. 

12.4 

^Growth 

21.4 

Thrifty 

16.3 



6 

Max. 

13.0 

/checked 

20.4 

Thrifty 

16.3 



Average 



10.8 


16.7 


17.5 




7 

Min. 

12.4 

Firing 

14.5 

Wilted 

15.9 

Matur¬ 

ing 

497 


8 

Min. 

14.9 

Checked 

13.5 

Wilted 

14.0 

260 

Potatoes * 

9 

Ave, 

24.9 

jNot 

19,0 

Thrifty 

17.2 

278 

10 

Ave. 

20.0 

/checked 

15.3 

Wilted 

18.7 


406 


mm 

Max. 

20,5 

Thrifty 

16.9 

Fair 

17.7 

Growing 

456 


mm 

Max. 

21 .5 

Fallow 

18.0 

Fallow 

20.2 



Average 



17.4 


17.1 


17.9 




13 

Min. 

19.9 

Limp 

18.5 

Wilted 



580 


14 

Mm. 

19.9 

Limp 

14.2 

Some 



501 







fired 




Mangels < 

IS 

Ave. 

20.0 

Thrifty 

19.7 

Some 

wilted 


Blight¬ 

ing 

347 


16 

Ave, 

20.9 

Thrifty 

20.9 

Plump 



499 


17 

Max. 

26.5 

Plump 

21.7 

Plump 



486 


18 

Max. 

25.7 

Plump 

20.2 

Plump 



623 

Average 



20.4 


20.3 





General 






1 




Average 



15.0 


17.5 


20.3 




determinatioiis before and after irrigation have given indications of the maxi¬ 
mum and m i nimum range of soil moisture \mder field conditions, and these, 
used in connection with the xnaximurn field capacity tests and other data, aid 
in determ inin g the usable moisture capacity in percentage and in inches on these 
important irrigated soils. The data so secured are presented in table 3. 
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In this table the humus content was determined by the ammonium method, 
and the moisture equivalent by the Briggs-Lane centrifuge or Briggs formula. 
In this table it appears that only the heaviest normal soils have as high a 
usable-water capacity as 2 inches per acre foot, these being silty clay loam, silt 

TABLE 3 


Rdaiion of soil type and usable water capacity to irrigation requirement 


LOCATION 

SOIL TYPE 

to 

S 

s 

HYGROSCOPIC MOISTURE 

MOISTURE EQUIVALENT 

MOIS¬ 

TURE 

CON¬ 

TENT 

i 

o 

fit 

I 

1 

1 

1 

i 

1 

i 

1 

I 

ESTIMATED EXCESS POINT 

ESTIMATED DROUTH POINT 

j 

1 

Mean maximum 

1 

s 

u 

s 

1 

i 



fer 

per 

per 

per 

per 

per 

in 

lbs. 

per 

Per 

per 

. 



cent 

cent 

cent 

cent 

cent 

cent 



cent 

cent 

cent 

tn. 

Paisley 

Medium peat 

60.00 



140 

35 

147 

7.6 

28 

no 

40 

70 

3.8 

Paisley 

Peaty silt loam 

10.00 

3.60 

9.756 

50 

18 

64 

6.5 

52 

45 

20 

30 

2.5 

Paisley 

Silt loam 

7.60 



40 

16 

50 

5.8 

63 

34 

16 

18 

2.1 

Corvallis 

Silty clay loam 

5.50 

3.75 

10.16 

30 

12 

36 

5.5 

80 

27 

14 

13 

2.0 

Talent 

Silty clay loam 


3.53 

9.57 

24 




75 

22 

10 

12 

1.7 

Burns I 

Silt loam 


5.24 

14.20 

45 

20 

36 

4.9 

66 

35 

18 

17 

2.1 

Haines 

Loam 

7.65 

2.60 

7.05 

29 

12 

38 

4.0 

68 

27 

12 

15 

2,0 

LaGrande 

Loam 

*3.20 

3.50 

9.49 

30 

10 




27 

12 

12 

1.7 

Bums 

Very fine sand loam 

2.49 

5.78 

15.66 

40 

17 

38 

4.6 

64 

33 

18 

15 

1.8 

Haines 

Fine sandy loam 

5.89 

2.30 

6.23 

30 

10 

33 

4.9 

68 

26 

12 

14 

1.8 

Grants Pass 

Fine sandy loam 

2.50 



18 

8 

23 

4.3 

85 

18 

9 

9 

1.5 

Joseph 

Fine sandy loam 

8.85 

2.20 

5.96 

40 

10 

47 

5.7 

64 

30 

15 

15 

1.9 

Paisley 

Sandy loam 

2.18 

3.76 

10.19 

28 

12 

30 

4.7 

84 

22 

12 

10 

1.6 

Redmond 

Medium sand 


3.50 

9.49 

30 

12 

39 

4.1 

66 

24 

12 

13 

1.6 

Lakeview 

Medium sand 




27 

10 

28 

4.5 

84 

20 

11 

9 

1.5 

Paisley 

Coarse sand 

to 

2.26 

6.12 

15 

5 

21 

3.5 

85 

14 

7 

7 

1.1 

Hermiston 

Coarse sand 

trace 



12 

6 

18 

3.0 

88 

11 

7 

4 

0 7 


* Bctennined by Brigg^s formula iostead of centrifuge. 


loam of high organic content. Peat, however, retains 3-4 inches of usable 
water per acre foot. The field capacity of usable water for silty loam soil is 
If indies; for sandy loam, for fine sand, about 1 inch; for medium 
sand, about f inch; and for coarse sand as low as ^ inch per acre foot. 
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Figuse 1 
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SUMMARY 

The wilting? point or drouth point is a valuable indicator in connection with 
the determination of the exact moisture content at which to irngate (the pur¬ 
pose of which is to maintain a favorable soil moisture content). 

The wilting point varies more between different crops than has commonly 
been supposed when judged by field and tank studies of crop appearance, soil 
moisture and 3 dclds of diy matter. 

The wilting point appears to vary more for different crops on a soil which is 
rather heavy in texture than on a soil of narrow moisture limits. 

The wilting point marks the lower limit of usable water. Both affect the 
time and amount of irrigation. 

The usablc-ficld-moisture capacity as judged by samples taken before and 
after irrigation, cylinder tests of field moisture capacity, physical composition, 
and determination of other moisture points shows that only the heavier classes 
of normal soils arc capable of retaining as much as two inches of usable water 
in the surface acre foot. The coarsest soils used for irrigation retain only half 
an inch jier foot of depth while peat retains three or four inches of usable 
water per acre foot. 

The irrigation requirement is greater for soils of coarse texture and low 
humus content and is largely due to unavoidable waste in connection with 
light frequent irrigation. 
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OCCURRENCE OF SULFIDES IN MINNESOTA PEAT SOILS^ 

CLAYTON O. ROST 
Minnesota Agrictdtitral Experiment Station 

INTRODUCTION 

The common occurrence of iron suMde in peat has long been recognized. 
As early as 1810, Rennie in classifying peats (4, p. 160), described 
‘'pyritous, or vitriolic peat’’ (4, p, 64W3) and mentioned several even earlier 
writers, including Brougmart (4, p. 640) and Bomare (4, p. 642), who had 
not only recognized pyrite in peat soils but had also observed its behavior 
upon coming into contact with the air and the resulting toxicity to 
crop plants. He quotes Bomare (4, p. 643) to the effect that ‘‘the ashes 
furnish an excellent manure, though the moss itself when applied as a 
top dressing, is utterly destructive to vegetaUonP Wollny in 1897 (7, p. 231) 
mentions the occurrence of iron sulfide in peat as marcasite as well as 
P3n:ite. 

Pyrite and marcasite are formed where water carrying some iron com¬ 
pound comes into contact with a solution of calcium sulfate, under con¬ 
ditions which favor the reducing action of plant residues (7, p. 231, 3, p, 
100). The sulfides themselves, being insoluble in water, are not toxic, 
but upon contact with oxygen and water vapor are converted into ferrous 
sulfate and sulfuric acid, both of which strongly affect plants and, when 
present in large quantities, destroy all vegetation. 

As the sulfides are the source of the toxic substances, the amoimt of 
these, their distribution in the soil profile, and relation to soil layers rich in 
lime are of chief interest in the present discussion. The quantities of fer- 

us sulfate and sulfuric acid found at any time will depend upon the amount 
of sulfides present and their distribution as weU as upon the aeration and 
the rainage conditions. Ditching and tiling, while facilitating the removal 
of these harmful substances, at the same time increase the aeration and 
hasten the oxidation of the remaining sulfides. So under the influence of drain¬ 
age alone the toxic compounds will not disappear until the whole of the 
sulfide has been oxidized and there has been sufficient movement of water 
through the soil to leach out the oxidation products (1, p. 63). 

Both ferrous sulfate and sulfuric acid are rendered harmless when any form 
of agricultural lime, either the carbonate, oxide, or hydroxide, is mixed with 

1 Published with the approval of the Director as Paper No. 299, Journal Series of the Min¬ 
nesota Agricultural Experiment Station. 
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the toxic layer. It is not uncommon, however, to find these substances at the 
bottom of bogs in which the peat at the surface and for some distance down¬ 
ward is well supplied with lime, and in the mineral substratum of which, oiJy 
a few inches bdow, these is an abundance of carbonate. In some cases, 
also, the same layer contains both carbonate and pyrites, but under this cir¬ 
cumstance the toxic oxidation products will be neutralized almost as rapidly 
as formed. 

In the reclamation of a bog the presence of a toxic layer becomes of impor¬ 
tance since, if the peat is shallow, it may prevent the penetration of plant roots 
into the underl 3 nng mineral soil which otherwise might provide for any defi¬ 
ciencies of the peat in potash and phosphoric acid. Further, when material 
from such a toxic layer is thrown up in the course of ditching, and spread 
over adjacent land with the intention of improving it, it may prove injurious. 

EXPERIMENTAL 

In the autumn of 1918 several series of samples were collectedfrom the Golden 
Vallqr Peat Experimental Fields in northern Minnesota. The chemical com- 
poation of the peat, the underlying muck and the mineral substratum is shown 
in table 1. In case of series A, B and C taken from the bank of a large drain¬ 
age ditch adjacent to one of the experimental fields, it was found that the upper 
portion of the muck substratum and the section of peat immediately above 
it had a more strongly acid reaction, Truog method (6), than the layers above 
and below (table 2). From the surface down to this acid zone the peat was 
well supplied with lime, while the lowest part of the muck layer and the light- 
colored mineral substratum carried an abundance of calcium carbonate as 
shown by effervescence with dilute acid (table 2). Series D, taken from an 
excavation made in one of the experimental fields nearly a half mile back from 
the drainage ditch, did not show such marked differences in reaction. 

The relative amounts of sulfide (table 2) were compared by using lead ace¬ 
tate paper. The procedure was briefly as follows: 

A10 gm. sample was placed in an Erlenmeyer Bask of appropriate size, 100 cc. of distilled 
water and a few cubic centimeters of concentrated sulfuric acid added, a strip of filter paper 
moistened with lead acetate solution placed across the mouth of the flask and the contents of 
the flask brought to a boil and the boiling continued just 2 minutes. The degree of blackening 
of the lead acetate paper, or sulfide coloration, indicated the relative amounts of sulfide present 
which were designated by the same terms as are used on Truog’s standard color chart 
(6, p. 8) to express the degrees of acidity. 

In the levels nearest to the dividing line between the peat and the muck, 
the samples from the ditch bank showed a greater degree of acidity than cor¬ 
responding samples taken from the excavation. There was, however, no 
difference in sulfide coloration. Along the bank of the ditch, which had been 
dug seven years before, some of the sulfide had been oxidized with consequent 
formation of sulfuric acid. This accoimts for the more acid reaction of the 
sections carrying the larger amounts of sufide. In general the most sulfide 
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TABLE 1 

Chemical composition of Golden Valley peat 


DEPTH OF 
SECTION 

1 

WEIGHT 

PER 

CUBIC 1 
FOOT 1 

LOBS ON 
lONinON 

ASH 

NITROGEN 

T.Turp 

(CaO) 

PHOS> 

PHOBIC 

AGED 

REACTION BY TRUOG 
METHOD 

in. 

lbs. 

percent 

percent 

PercetU 

percent 

percent 


0-6 

7.9 

87.0 

13.0 

2.43 

2.05 

0.18 

1 

7-12 

9.9 

80.0 

20.0 

2.46 

3.29 

0.20 

^ Very sli^t 

13-18 

9.9 

89.2 

10.8 

2.56 

2.35 

0.14 

] 

19-24 

12.6 

88.2 

11.8 

2.57 

2.39 

0.15 

Slight 

25-30 

13.9 

87.4 

12.6 

2.96 

2.21 

0.15 

Strong 

31-33 


32.8 

67.2 

1.23 

2.12 

0.14 

Very strong 

34-36 


6.8 

93.2 

0.238 

3.05 


1 

37-n39 




0.163 

8.99 


/■Neutral 

40-42 




0.120 

12.15 


1 


TABLE 2 

Reaction and relative amounts of sulfide in successive levels 
Samples of 1918* 


SAMPLES FROM DITGB BANS 


SAMFUESPROM 

EXCAVATION 


DEPTH 

Series A 

Seri<s B 

Series C 

Series D 

Acidity 

Sulfide 

coloration 

Acidity 

Sulfide 

cdoration 

Acidity 

Sulfide 

coloration 

Acidity 

Sulfide 

coloration 

in. 









0-6 




] 

1 


V. sL 

V, sl 

d 

7-12 

[v. dt 

d 

[v .sl 

d 


“V. sl 

V. sl 

V. sl 

sl 

13-18 

1 






med 

sL 

med 

19-24 

sl 

med 

V. sl 


sl 

sl 

V. sl 

med 

25-27 

\ 


\ , 

\ ^ 

sl 

med 

V, sl 

sl 

28-30 

ptr 

[str 

[v. sl 

>med 

V. sl 

v.sl 

neut 

d(e) 

31-33 

V. str 


sl 


neut 

d (e) 

neut 

sl(e) 

34-36 

] 


1 d 


neut 

V. d (e) 

neut 

V, sl (e) 

37-39 

[neut 

•d(e) 

V. sl 

sl 

neut 

V. sl (e) 

neut 

V. sl (e) 

4(M2 



sl 

neut 

v. si (e) 

neut 

V. sl (e) 

43-45 

neut 


sl 

sl 

.. ■ > 

.... 

neut 

none 

46-48 

neut 

« • * • 

neut 

sl 

.... 

.... 

.... 

.... 

49-51 


_ 

neut 

d (e) 

.... 

.... 

.... 

.... 

52-54 

i ^ ’ 

.... 

neut 

V. sl (e) 

.... 

.... 

.... 

.... 

55-57 

1 **** 

.... 

neut 

.... 

.... 

.... 

.... 

.... 


* DeterminatioHS were made 2 months after the samples were collected. The heavy cross 
lines indicate the approximate boundary between the peat layer and the underlying mineral 
soiL 

t neut « neutral, v. si *= very dight, si — slight, med = medium, str = strong, 
V. str « very strong, e «= effervesces with dilute acid. 
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was found in the layer of peat immediately above the muck and not in the muck 
layer itself, just the opposite of Ramann's conclusion as to European peats. 
Ramann considered the sulfide more common in the muck layer underlying 
the peat than in the peat itself (3, p. 100). 

In the samples dealt with, the sulfide occurred in such a finely dhided state 
that it was not visible to the naked eye, and could be identified only by chemi¬ 
cal tests. Typical samples showed the presence of iron while the two that 
were most strongly acid, those from the 28-30 and 31-33 inch sections of Series 
A, showed the presence of ferrous iron. 

Two areas in the northwestern and one area in the northeastern part of the 
state were examined for sulfides and acidity during the season of 1919. 
Samples were collected only from the six-inch layer of peat immediately above 
the muck and from the upper portion of the muck layer. One of the north¬ 
western areas extended from Golden Valley eastward some 6 miles and included 
the Golden Valley Peat Experimental Fields, of which a thorough examination 
was made, while the other, some 25 miles southeast of the first, embraced an 
area of shallow peat to the east of Thief River Falls. The one in the north¬ 
eastern part of the state, was in the vicinity of Meadowlands, in St. Louis 
County, embracing an area 15 by 5 miles. In order to avoid any oxida¬ 
tion of the sulfide between the time of taking the samples and their laboratory 
examination, a field outfit was carried and the samples tested within a few 
hours after being taken. When shipped and later stored at the laboratory 
for some time before testing, samples had been found to show a more strongly 
acid reaction and less sulfide coloration. 

Of the 20 series of samples taken from the Experimental Fields at Golden 
Valley in the second season, only one showed a strongly acid reaction in the peat 
layer, while all responded to the test for sulfides (table 3). Also the muck 
showed less acidity and less sulfide than the peat and in the case of three of 
the muck series, both acidity and sulfide were absent. This difference from 
the results of the first season is to be attributed to a flood (2, p, 51) following a 
torrential rain in the early part of July. Erosion of the walls of the large 
drainage ditch from which samples had been taken the year before widened it 
^me 12 or IS feet and exposed fresh sections on both sides. Samples taken 
from freshly exposed portions showed the same general condition as found 
farther back. There was no markedly acid peat or muck layer (table 3), and 
the sulfide coloration was about the same as the year before. 

The samples taken at one-mile intervals east of Golden Valley and those 
taken east of Thief River Falls very closely resembled those taken on the 
Experimental Fields, in both reaction and sulfide content. Thus in general 
the results were very similar to those secured in 1918 with samples taken from 
the excavation on the experimental tract. 

In only one place in the Meadowlands area was sulfide found. This was in 
a small “pocket” in which there was an unusual depth of muck—about two 
feet. In this instance the sulfide was more abundant in the uppermost por- 
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tion of the muck layer than in the peat. A summary of the samples tested 
and the number of these showing a sulfide coloration is given in table 4. 

During the field work of the second season a set of 19 samples was collected 
for chemical analysis. These consisted of nine pairs of samples made up of the 
upper 6-inch layer of muck substratum and the 6-inch layer of peat immedi¬ 
ately above this, taken at different places on the Experimental Fields at Golden 


TABLE 3 

Reaction and rdative amounts of sulfide in peat soil from nortkavesiem Minnesota 

Samples of 1919 


SERIES 

PEAT 

MtJCE 

SERIES 

PEAT 

MUGS 

Addity 

Sulfide 

coloration 

Addi^ 

Sulfide 

coloration 

Addity 

Sulfide 

coloration 

Addity 

Sulfide 

coloration 

Golden Valley Peat Experiment Field 

Ditch Bank at Golden Valley 

1 

2 

3 

4 

5 

6 

7 

S 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

V. si 

V. si 

str 

si 

si 

si 

V. si 
v.sl 

V. si 

V si 

V. si 

V. si 
neut 
neut 

V. si 

V. si 
v.sl 
neut 
neut 

V. si 

sl 

V. sl 
sl 

V. sl 
sl 

V. sl 

sl 

sl 

sl 

sl 

sl 

sl 

sl 

sl 

sl 

sl 

sl 

med 

sl 

neut 

sl 

V. sl 

neut 

neut 

V. sl 

V. sl 

sl 

sl 

none 

V. sl 

none 

none 

V, sl 

V. sl 

V sl 

V. sl 

V, sl 

sl 

sl 

v.sl 

V. sl 

V. sl 

V, sl 

sl 

sl 

21 

22 

23 

24 

25 

V. sl 
v.sl 

V. sl 

V. sl 

V. sl 

V. sl 

V. sl 

V. sl 

V. sl 

V. sl 

sl 

V. sl 

V. sl 

none • 
V. sl 
sl 

East of Golden Valley 

26 

27 

28 

29 

30 

31 

V. sl 

V. sl 
neut 

neut 

V. sl 
neut 

sl 

sl 

sl 

sl 

sl 

V. sl 


sl 

V. sl 

V. sl 

V. sl 
sl 

none . 

Near Thi^ River Falls 

32 

33 

34 

35 

sl 

sl 

sl 

neut 

sl 

sl 

sl 

sl 

neut 

neut 

neut 

neut 

V. d 

V. sl 

V. sl 

V. sl 


TABLE 4 

Number of samples showing the presence of sulfides 
Samples of 1919 


AREA 

FEAT 


Number 
of samples 
collected 

Number 
showing sulfide 

Number 
of samples 
collected 

Number 
showing sulfide 

Golden Valley. 

50 

50 

51 

46 

Thief River Falls. 

4 

4 

4 

4 

Meadowlands. 

18 

1 

18 

1 
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Valley, and of one sample of peat taken 4 miles southeast of Thief River 
Falls. To insure the exclusion of any air and the consequent oxidation of 
the sulfide present, the samples were packed firmly into 2-quart tin cans, tightly 
covered and sealed with paraffin. When the samples were opened in the 
laboratory the seals on all were found to be in good condition. The acidity 
and the sulfide coloration, as well as the amount of sulfide, expressed as H 2 S, 
are reported in table S. The iodine method (5, p. 398) used in determining 
the last is briefly as follows: 

Twenty-five grams of moist peat or 50 gm. of muck is weighed into a 500-cc. Erlenmeyer 
flask, 100 cc. of distilled water and 10 cc. of stannous chloride added. The flask is then 
attached to a condenser in turn connected with another flask containing an ammoniacal 
solution of cadmium sulfate. Twenty cc. of hydrochloric acid is added to the contents of the 
flask through a separatory fuxmel and the whole brought to boiling and then gently boiled for 
20 minutes. The contents of the flask containing cadmium sulfide are then nearly neutralized 
with hydrochloric acid and titrated with thirtieth normal iodine in the usual manner. 


TABLE 5 

Sidfide, reaction^ and sulfide coloration of 19 samples of peat and much 


SAMPUC 


PEAT 



MUCK 


Keaction 

Sulfide 

coloration 

Sulfide* 

Reaction 

Sulfide 

coloration 

Sulfide 

4 

sl 

med 

Percent 

0 060 

Str 


percent 

0.006 

1 

str 

med 

0.058 

neut 


mSm 

5 

V. sl 

med 

0.047 



Ha 

3 

sl 

sl 


neut 

V. sl 

0.005 

9 

sl 

sl 


str 

V. sl 

0.004 

8 

sl 

sl 


sl 

V. sl 

0.002 

2 

sl 

sl 


neut 

V. sl 

0.003 

6 

str 

sl 


neut 

V. sl 

0.003 

7 

V. sl 

sl 


V. sl 

V. sl 

0.002 

10 

sl 

sl 






* Expressed as HaS. 


With both the peat and the muck there is a general agreement between the 
coloration of the lead acetate paper and the amount of sulfide found, i.e., 
the darker the sulfide coloration the larger is the amount of sulfide found. 
However, when a peat and a muck which show the same degree of sulfide 
coloration, are compared, no direct relation is shown between the degree of 
coloration and the amount of sulfide. The peat layer contains the larger 
amounts of the latter, var 3 dng between 0.016 and 0.060 per cent as compared 
with 0.002 to 0.014 per cent in the muck, and, for any given degree of sulfide 
coloration, shows a higher actual content of sulfide. 

No concordance was found between the degree of acidity and either the sul¬ 
fide coloration or the amount of sulfide the acidity being governed largely by 
conditions favoring oxidation and by the presence of carbonate. 
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Crops on the untreated plots on the Golden Valley field were comparative 
failures, with the exception of flax (2, p. 33), but when given a dressing of add 
phosphate they 3 delded as well as on the surrounding min eral soil. On 
properly fertUized plots near the places where samples 1, 2,5 and 6 were taken, 
the living plant roots were found to penetrate both the lowermost layer of peat 
and the muck, and even to extend down into the mineral subsoil. Thus either 
the amount of sulfide oxidized must be regarded as too small to hann the grow¬ 
ing plants or the carbonate present neutralized most of the add as rapidly as 
formed. 

In a vegetation experiment with a p 3 ndte-carrying muck from a shallow bog 
near Goodridge, IS miles southeast of Gtolden Valley, dover plants on the 
untreated muck watered with distilled water made almost no growth, although 
at the end of a year were still alive. On the same muck treated with the ash 
obtained by burning a portion of the overlying peat and watered with tap 
water carrying large amounts of lime the growth of clover was excellent, the 
caldum carbonate in the ash and water being suffident to render the two toxic 
compounds harmless. In the same Goodridge field complete reclamation was 
effected by the application of add phosphate (1, p. 63). 

In a similar vegetation experiment carried out in the plant house a year 
later with untreated muck from the Golden Valley Experimental Fields sweet 
clover did well when watered freely with the tap water. 

On the surface of the peat in northwestern Minnesota, gypsum often occurs 
as a white incrustation sometimes so heavy that it crackles imder the foot. 
It is also always to be found on the faces of ditches. A sample of the material 
intermixed with more or less peat from Golden Valley was subjected to re¬ 
peated extractions with warm water luitil the leachings failed to give a test for 
sulfates, the extract evaporated on the water bath, and analyzed with the 
following results: 


Fe20s. 

AkOz . 

CaO. 

MgO. 

S03... 

Total Solids 


0.0 per cent 
0.0 per cent 

28.5 per cent 
4.1 per cent 

55.5 per cent 
0.1015 gram 


SUMMARY 

In samples of peat and muck from the Golden Valley Peat Experimental 
Fields in northwestern Minnesota in 1918, sidfides were generally found at all 
levels in the peat, in the muck substratum and in the upper portion of the 
mineral subsoil below. The greatest amount was found in the lowest portion 
of the peat layer and not in the muck. 

The reaction of the peat and muck was found to be but little related to the 
relative amount of sulfides present, but to conditions permitting the oxida¬ 
tion of the sulfide to sulfuric acid and ferrous sulfate. 
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The layers in an exposed ditch face strongly impregnated with sulfide 
gave in 1918 a more acid reaction than did those at some distance from the 
ditch. But a year later, just after an unusual flood had widened the ditch 
and exposed fresh material, the peat of the ditch face was found to be similar 
in reaction to the corresponding layers farther back. 

Expressing the sulfide content as hydrogen sulfide, nineteen samples of peat 
and muck showed a maximum of 0 060 and a minimum of 0.016 per cent for 
the lowermost layer of peat and 0.013 and 0.002 per cent for the muck sub¬ 
stratum immediately below. 

Sulfides appear to be much more commonly associated with peat in north¬ 
western than in northeastern Minnesota, where in an area of approximately 
75 square miles, sulfides were found at only one place. 
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THE HUMAN ELEMENT IN THE WORK AT ROTHAMSTED 
Sepritited from the Agrieidhtral Gasefte 

It was a happy idea that led Mr. Edwin Grey, field superintendent at the 
Rothamsted Ejqperimental Station, to write his reminiscences. They cover a 
period of fifty years. Since his first job at the laboratory, as a boy of thirteen, 
was in the summer of 1872, he was working there for nearly fifty years in the 
lifetime of Lawes and Gilbert. Of the men who carried on field operations 
under the eyes of those two great leaders, we believe he is now the only survivor. 
His book will serve to keep green the memory of many who helped cany out 
the work which the foxmders of the Station planned. 

Mr. Grey has produced a very interesting book, none the less so in that it 
is altogether free from the stiffness and formality of the regular author. He 
lets his pen run on just as we can imagine his tongue might do, in an easy, 
unreserved moment, recalling what he has witnessed—^the oxen ploughing in 
the BroadbaJk Field, before ah the work was done by horses, to give place still 
later to the tractor—^the Harvest Home suppers in the ^‘East Mow’^—the Irish 
laborers—^the Qiristmastide presents—the casuals discussing the merits of 
“His Majesty's Hotel" for the winter—^the Jubilee festivities—^the theatricals 
in the “Sample House." He gives us glimpses of a rural life which has altogether 
vanished, thumbnail sketches of countryside characters which the changes of 
the last twenty or thirty years have made as obsolete as the very dodo—the 
old bird scarer who resented Sir John Lawes' fondness for a rookery, shouting 
to the birds, “ Go back to Rothamsted, you old black devils, and let Jack Lawes 
look arter yer!"—the man who, as the nights drew in, remarked “That'll get 
late proper early tonight, I'll warrant,"—the boy who entered in his record 
book, “Through there being no cake, the cows got only half a lot." 

Sir Henry Gilbert is shown as a very human, kindly, if occasionally an 
irascible old gentleman, losing his temper over misunderstood instructions and 
being quieted down by Lady Gilbert; or tdliog the man who thou^t that the 
water samples should be brought down in a cart drawn by ‘an esperimental 
donkey,' “Well, Frank, we've already got one or two about here now," Sir 
John Lawes too, appears and reappears throughout the volume as the generous 
squire, as well as the far-seeing man of science. But it is as a record of humbler 
lives that the book has its greatest charm. It gives us the human side of what 
countless papers have given the scientific results; and throughout its pages we 
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are shown the patient toil, the cheerful acceptance of a life of hard work, the 
patience, the honesty, and good faith of the men, who in their own way had 
their share in the operations which are inseparably bound up with the name of 
Rothamsted. 

Sir E. J. Russell has written a brief preface, and the book is illustrated with 
a number of photographs and sketches; but it is the author’s straight forward 
story, revealing quite tmconsdously his tact and sympathy, and illuminated 
by a quiet humor, which is the mainstay of a very delightful volume. The 
book can be obtained post free for Ss. 9d. from E. Gzey, Laboratory Cottages, 
Harpenden, or from the Secretary, Rothamsted Experimental Station, 
Haipenden, Herts. 



VARIABILITY OF ALKALI SOIL^ 

W. P. KELLEY* 

Citrus Experiment Station^ University of CdUfomia 
Received for publication November 20, 1921 

Waymck (S) found that the nitrate content of soil samples drawn from a 
small area of apparently uniform soil, and especially the amounts of nitrate 
formed in the samples during a period of four weeks, varied quite widely. 
Waynick and Sharp (6) found considerable differences in both the nitrogen 
and the carbon content of soil samples taken at 30-foot intervals from two 
different areas of apparently uniform soil. McBeth (3) showed that great 
variability characterizes the distribution of nitrate in the soils of several citrus 
groves in California. Similar results have been observed by this laboratory. 

Those who are familiar with semi-arid regions are quite aware of the sporadic 
variability of alkali soils. Not infrequently abrupt differences occur in the 
growth of crops. Good yields may be obtained in a given location, while 
only a few feet distant neither growth nor germination is possible. The ladk 
of uniformity in the salt content of the soil and other factors (4), some of which 
will be discussed later, greatly complicate plot experimentation on alkali soils 
and render it extremely difficult to secure uniform results by the application of 
a given treatment. As is shown below, the usual method of sampling alkali 
soil may be quite unreliable. 

EXPERIMENTAL PLOTS 

In connection with an alkali reclamation experiment consisting of approxi¬ 
mately seven acres, and located on a quarter section of the Kearny Ranch 
near Fresno, California, a large number of soil samples have been anal 3 ^d. 
The experiment was begun in May 1920, just previous to harvesting that 
season’s barley crop. The soil appeared to be as nearly uniform as could be 
found anywhere within the entire quarter section. The barley crop of 1920 
was a complete failure on the greater portion of the area. On much of it the 
seed had failed to germinate, although the moisture and other seasonal con¬ 
ditions were quite favorable for growth. There were several small spots within 
this area, however, on which the barley made slight growth, and on a few spots 
a reasonably good yield was obtained. 

1 Paper No. 86, University of California, Graduate School of Tropical Agriculture and 
Citrus Experiment Station, Riverside, California. 

* Anal 3 rses reported were made by S, M. Brown, Assistant in Chemistry, at the Citrus 
Experiment Station. 
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The experiment consists of 9 plots 100 feet by 330 feet in size. After mail¬ 
ing an accurate map showing the barley and weed growth, a line was drawn 
across the greatest length of each plot, and soil samples were taken on this 
line, usually at intervals of ten feet. The samples were drawn with a two- 
inch auger and were taken to represent the first-foot and second-foot depths 
respectively, and in a considerable number of instances the third-foot and 
foi^-foot depths also. 

Extracts were prepared by shaking a portion of each sample for one hour 
with distilled water in the ratio of 1:5 and filtering the solutions through 
Pasteur-Chamberland tubes. The extracts were analyzed by methods pre¬ 
viously described (1). 

REStmTS 

As was suggested by the appearance of the barley crop, the anal 3 rses show 
that this soil is distinctly spotted. Every sample from certain spots was 
substantially different in composition from those taken from other spots. A 
few of these spots cannot be classified as alkali soil, and certain other spots 
contain amoimts of salts quite different from those of still other spots. The 
results also show that the distribution of the various salts within spots of 
apparently uniform soil is extremely variable. The analyses indicate that 
at least two factors must be taken into consideration in studying the varia¬ 
bility of this soil, (a) variation within the several spots and (b), the nature of 
a given spot as a whole, that is, whether alkali salts are present or absent,^ and 
if present, whether the general level of concentration is high or low, etc. 

The soluble constituents of those samples which gave a distinct reaction 
with phenolphthalein were composed principally of sodium salts, but wherever 
sodium carbonate was absent the amounts of soluble alkaline earths, especially 
calcium, were substantially greater than in the more highly alkaline spots. 

The anions common to alkali soil, the total soluble salts and the pH values 
of the samples representing the first-foot and second-foot sections of only two 
plots will be presented here. These plots are fairly representative of the area 
as a whole. Their analyses are presented in tables 1, 2, 3 and 4. 

The data show that this soil varies greatly in composition. In one instance 
the chloride content of two samples t^en ten feet apart differed almost 1000 
per cent, and in several other instances differences as great as 100 per cent, or 
more, were found. The content of the different constituents does not necessarily 
vary in the same direction. For example, certain samples contained sub- 

* Because of the complex nature of the variation in this soil the writer does not consider 
it per m i s si b le to apply the usual statistical treatment to the data now at hand. For instance, 
it was found that the frequency curve obtained by plotting the chlorine of plot 3 bears very 
little simiLanty to a theoretical frequency curve. As pointed out by Linhart (2) the usual 
statistical fonnula is not applicable to ^ta which give curves widely divergent from the 
theoretical curve. It should not be inferred, however, that statistical methods cannot be 
applied to the study of spotted sofl. It is not entirely clear to the writer, however, that 
there is any particular advantage to be derived from a determination of the mean composition 
of ^tted soil. 



TABLE 1 

Composition of soil smiples^ plot 3, firstfoot^ 


SAMPLE MUICBES 

1 

2 

3 

4 

s 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Parts per million 

COs. 

435 

375 

330 

330 

285 

315 

210 

330 

210 

240 

120 

60 

90 

90 

HCOs. 

412 

412 

336 

335 

396 

412 

534 

472 

472 

488 

366 

427 

442 

335 

Cl. 

913 

629 

727 

140 

124 

195 

629 

426 

204 

167 

53 

53 

35 

44 

SO 4 . 

474 

37(5 

588 

70 

62 


110 

129 

151 

68 

39 

43 

27 

29 

NO*. 

462 

201 

201 

62 

62 

46 

139 

15 

31 

62 

62 

46 

46 

62 

Total salts. 

4525 

3235 

3360 

1565 

1570 

1790 

2795 

2430 

1460 

1605 

990 

1050 

940 

740 

pH value. 

9.6 

9.6 

9.7 

9.6 

9.6 

9.6 

9.6 

9.6 

9.6 

9.6 

9.0 

9.2 

9.3 

9.2 



15 

16 

17 

18 

19 


D 


m 

□ 

25 

26 

D 

28 

SAMPLE NXTMBER I 







— 

MB 

■M 




mm 



Parts per million 



* The distance between samples 13 and 14, 15 and 16, 23 and 24, and 24 and 25, was 20 
feet. All other samples were taken 10 feet apart. 


TABLE 2 


Composition of soil samples, plot 3, second foot 
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TABLE 3 


Composition of soil samples^ plot 8, firstfoot* 




2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

IS 


Parts per million 

COs. 

210 

330 

330 

330 


405 

420 

240 

75 

0 

0 

0 

0 

0 

0 

HCOs. 

381 

244 

366 

412 

397 

397 

488 

458 

503 

275 

mm 

275 

198 

mm 

107 

Cl. 

894 

220 

108 

354 

1133 

iBwi 

327 

53 

18 

18 

18 

18 

18 

18 

18 

SO4. 

273 

117 

42 

149 

537 

491 

195 

66 

39 

29 

26 

22 

26 

18 

20 

NOg. 

90 

45 

75 

Mflil 



150 

60 

0 

m 

0 

0 

0 

0 

4 

Total salts.... 

3105 

1650 

1585 

2360 


4550 

2620 

1265 

m 

400 

475 


340 

255 

250 

pH value. 

9.7 

9.4 

9.7 

9.6 

9.7 

9.8 

9.8 

9.4 

9.2 

7.8 

7.6 

7.6 

7.6 

7.2 

7.4 


SAICPLE NUHSER 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

Part^ per million 

COg. 

■ 

0 

■ 

R 

■ 

0 

0 

0 

0 

0 

150 

210 

300 

315 

435 

HCOg. 

229 

275 

275 

Wm 

275 

229 

214 

214 

229 

260 

473 

564 

350 

458 

412 

Cl. 

18 

18 

18 

18 

18 

18 

18 

18 

18 

18 

62 

45 

53 

140 

168 

SO4. 

18 

21 

23 

19 

22 

25 

22 

20 

39 

31 

54 

37 

58 

132 

606 

NOg. 

4 


3 

m 

3 

4 

0 

4 

0 

20 

15 

60 

60 

75 

165 

Total salts.... 


350 

355 

365 

SIS 

470 

540 

525 

500 

SSO 

1120 

1050 

1365 

3275 

2050 

pH value. 

7.6 

8.0 

7.8 

7.8 

8.1 

7.6 

7.6 

7.6 

7.8 

8.2 

9.6 

9.6 

9.7 

9.6 

9.8 


* Distance between samples 16 and 17 was 30 feet. All other samples were taken 10 feet 
apart. 


TABLE 4 

Composition of soil samples^ plot 8, second foot 


SAMPLE NUMBER 

1 

2 

3 

4 

5 

6 

7 

8 

9 

H 

11 

12 

13 

14 

15 

Parts per million 

COg. 

15 

0 

75 


75 

IBS 

285 

390 

195 

60 

■ 

0 

0 

0 

0 

HCOg. 

199 

244 

366 

244 

199 

199 

214 

259 

mm 

EES 

214 

153 

153 

92 

122 

a. 

798 

1283 

691 

840 

363 

470 

372 

204 

80 

71 

18 

89 

27 

53 

35 

SO4. 

258 

428 

264 

313 

126 

216 

160 

124 

24 

31 

28 

24 

33 

25 

23 

NOg. 

m 

9 

16 

9 

18 

46 

46 

15 

5 

0 

0 

2 

2 

0 

0 

Total salts.... 



2090 


128Q 

1850 


2050 

1000 

670 

425 

111 

m 

255 

255 

pH value. 

8.4 

... 

9.2 

9.4 

9.4 

9.6 

9.6 

9.6 

9.6 

9.4 

8.0 

7.8 

7.8 

0 

00 

7.8 


SAMPLE NUMBER 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

Parts per million 

CO,. 

■ 

li 

0 

■ 

15 

0 

0 

0 

0 

30 

ISO 

105 

180 

150 

90 

HCOg. 

153 

mm 

229 

199 

381 

198 

153 

168 

183 

305 

244 

351 

274 

229 

214 

a. 

44 

44 

27 

62 

35 

124 

35 

53 

35 

S3 

115 

160 

363 

284 

230 

SO4. 

25 

32 

31 

33 


41 

23 

33 

18 

24 

82 

103 

271 

242 

140 

NOg. 

m 

M 

m 

■3 

4 

5 

0 

0 

3 

9 

46 

18 

18 

31 

9 

Total salts... . 



275 

255 

225 

215 

230 

220 

290 

490 

1600 

1210 

1685 

1500 

715 

pH value . 

7.8 

7.8 

8.0 

7.6 

8.8 

7.6 

7.8 

00 

7.6 

8.6 

9.6 

, . a, 

9.6 

9.6 

9.6 

9.0 


180 
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stantially greater amounts of chloride than of any other ion, while other 
samples contained greater amounts of normal carbonate, sulphate or nitrate 
than of chloride. 



Fig. 1. Graphs Showing the Linear Variation or an Alkau Soil, First Foot, Plot 3» 
Na 2 C 03 calculated from methyl orange titrations 

On that portion of plot 3 from which samples 1 to 9 inclusive were taken^ 
the barley crop was a complete failure. Among these samples, 4, S and 6^ 
representing the first foot, contained quantities of chloride, sulfate and nitrate,, 
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eadi of which is certainly bdow the limits of toxidty, but here, as is the case 
with the larger portion of this area, toxic concentrations of sodium carbonate 
occur. 

A sparse stand of barley, var 3 ni]ig from 10 to 30 inches in height, was obtained 
on those portions of plot 3 from which samples 9 to 16 and 22 to 24 inclusive, 
were taken. It is interesting to note that these samples contained considerably 
lower concentrations of salts than the other samples from this plot. It is 
quite probable that the concentration of sodium carbonate present in these 
spots was sufficiently high to be injurious, although not so high as entirely to 
prevent the growth of barley. 

The portions of plot 8 from which samples 1 to 8 and 26 to 30 inclusive were 
drawn, were entirely destitute of vegetation. It will be noted that, while 
all of these samples contained relatively high concentrations of sodium car¬ 
bonate, several of them contained rather low concentrations of the neutral 
salts. 

The portion of plot 8 from which samples 9 to 2S inclusive were drawn 
is not an alkali soil. None of the samples from it contained an excess of 
any salt, although this small area is entirely surrounded by highly saline or 
alkaline soil. Although this spot is practically free from alkali salts, it 
producedaj::^ low yield of barley. It will be shown subsequently that 
the iiiienmty barley here was due to the severity of the competition 

with several different species of weeds. 

The samples representing the second foot were usually found to contain 
lower concentrations of salts than those of the first foot. In a few cases, 
however, greater amounts of chloride and sulphate were found than in the 
first foot. With only a few exceptions, the samples representing the third 
and fourth feet contained still lower concentrations of salts than the correspond¬ 
ing samples of the second foot. 

The almost complete absence of nitrate in certain places was probably due, 
in part at least, to the fact that the samples were taken in dose proximity 
to growing barley or weeds. 

The data as a whole indicate that sodium carbonate is by far the most im¬ 
portant salt in this soiL 

Samples from specially chosen locations 

In order to study the variability of other portions of this quarter section, 
three additional series of samples were taken in April, 1921. Two of these, 
series A and B, were drawn from a line of holes extending perpendicularly 
across the margins of alkali spots, a part of each series being taken from barren 
soil and a part from fairly productive soil. The distance between the places 
of sampling was either 2 or 3 feet The analysis of series A and B is recorded 
in tables 5, 6, 7 and 8. 

The composition of the samples composing series A varied quite widely. 
Among those representing the first foot, sample 3 contained more than three 
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Fig. 2. Graphs Showing the Linear Variation op an Aikau Sou, First Foot, Plot 8 
NajCOs calculated from methyl orange titrations unless extract failed to give a reaction 
with phenolphthalein and also contained a substantial amount of caldumu 
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TABLES 


Composition of soil samples, series A, firstfoot 


SAMPLE NDUBER 
AND DISTANCES 

■ 


3 

3 ft. 
FROM 2 

4 

2 FT. 
PROM 3 

5 

2 FT. 
FROM 4 

6 

2 FT. 
FROM 5 

7 

2 FT. 
FROM 6 

8 

2 ft. 
FROM 7 

9 

2 FT, 
FROM 8 

Grovrth of barley 

None 

None 

None 

None 

Slight 
stand, 12 
in. high 

Thin 
stand, 18 
in. high 

Fair 

stand, 30 
in. high 

Good 
stand, 36 
in. high 

Good 
stand, 36 
in. high 


Farts per million 


COs. 


300 

2SS 

270 

270 

210 

0 

0 

0 

HCOs. 

BmiI 

366 

381 

412 

259 

259 

335 

335 

320 

Cl. 

3SS 

514 

798 

222 

168 

133 

496 

115 

62 

SO 4 . 

202 

303 

443 

61 

62 

13 

170 

no 

11 

NO,. 

89 

62 

7 

4 

0 

0 

9 

0 

0 

Total salts... 



3240 


1355 

1035 

1450 

1125 

735 

pH value.... 

9.6 


9.5 

9.6 

9.6 

9.6 

7.3 


8.2 


TABLE 6 

Composition of soil samples, series A, second foot 


SAMPLE NUMBER 

n 

n 

3 

4 

5 

n 

7 

8 

9 

Parts per million 

COa. 

150 

135 

150 

75 

180 

180 

1 ^ 

IS 1 

15 

HCOs. 

183 

229 

244 

274 

229 

214 

442 


290 

Cl. 

177 

186 

390 

106 

177 

142 

213 

248 

97 

SO4. 

37 

52 

179 

33 

43 

16 

67 


13 

NO,. 

19 

18 

5 

4 

0 

0 

9 

0 

0 

Total salts. 

1000 

1085 

1665 

720 

1155 



1150 

710 

pH value. 

9.4 

9.3 

9.4 

9.2 

9.6 

9.6 

8.0 

8.6 

8.8 


TABLE 7 

Cofnposiiion of soil samples, series B, first foot 


SAMPLE NUMBER 

AND DXSTA2TCBS 

1 

2 

3 FT. 
FROM 1 

3 

3 FT, 
FROM 2 

4 

2 FT. 
FROM 3 

5 

2 FT. 
FROM 4 

6 

2 ft. 

FROM 5 

7 

2 ft. 

FROM 6 

8 

3 ft. 
FROM 7 

Growth of barley 

None 

None 

None 

None 

Slight 

Thin 

Good 

Good 




i 


stand, 12 

stand, 24 


stand, 36 






in. high 

in. high 

1 in. high | 

in. high 


Parts per million 


CO,. 


270 

300 

195 


90 

45 

' 30 

HCO,. 


366 

290 

335 

473 

366 

442 

412 

a. 

44 

62 

35 

71 

97 

160 

168 

133’ 

SO 4 . 

67 

64 

73 

62 

31 

69 

43 

134 

NO,. 

0 

5 

7 

5 

9 

4 

0 

5 

Total salts. 

1100 

1200 


970 


1100 

925 

1000 

pH value. 

9.6 

9.6 

9.6 

9.6 

9.2 

9.2 

9.1 

9.0 
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times as much chloride as sample 4 taken two feet distant, and number 7, 
contained approximately 4 times as much chloride as number 8. It will be 
noted that considerable amounts of sodium carbonate were found in each 
sample of the barren soil, while none was found in the first foot of the soil 
where reasonably good growth of barley occurred. However, substantial 
amounts of sodium b* carbonate were found in these latter samples, and both 
sodium carbonate and sodium bicarbonate occurred in all but one of the cor¬ 
responding samples of the second foot. It is quite possible that the growing 
barley gave off CO 2 in amounts sufficient to convert the normal carbonate of 
the first foot into the bicarbonate. 

Each sample of series B contained very low concentrations of the neutral 
salts, but again, the barren portion contained rather high concentrations of 
sodium carbonate. It will be noted also that small amounts of sodium car¬ 
bonate were found where a fair crop of barley was secured, but in this case 
the second foot, with the single exception of sample number 8, contained con¬ 
siderably less normal carbonate than the first foot. 


TABLE 8 

Composition of soil smiples^ series B, second foot 


SAMPLE NUMBER 

t 

2 

3 

4 

5 

6 

7 

8 

Parts per miUion 

COz . 

60 

105 

120 

60 

15 

0 

15 

45 

HCOa. 

274 

198 

244 

274 

305 

274 

274 

290 

a. 

115 

97 

89 

106 

160 

115 

62 

80 

SO4. 

41 

41 

47 

41 

82 

31 

17 

Trace 

NOa. 

0 

0 

0 

3 

5 

0 

5 

0 

Total salts. 

800 

800 

820 

760 

920 

650 

390 

575 

pH value. 

9.2 

9.2 

9.5 

8.8 

8.8 

8.0 

8.8 

9,2 


The samples composing series C were taken at a uniform distance of two 
feet apart. The area sampled was entirely devoid of vegetation. Barley 
seeds had failed to germinate on this spot for several years previously. The 
anal 3 rsis of the first, second, third and fourth feet, respectively, are submitted 
in tables 9, 10,11 and 12. 

It will be noted that the chloride, sulphate, nitrate and total salts varied 
greatly. Among the samples of the fiorst foot, number 8, for example, con¬ 
tained more than five times as much chloride, sulphate and nitrate as sample 
9 taken just two feet away. Other samples (4 and 6) taken 4 feet apart, varied 
more than four-fold while in one instance samples taken 6 feet apart (6 and 9) 
showed more tban a ten-fold difference in their neutral salts. On the other 
hand, the content of alkali carbonate was comparatively constant throughout 
this series. 

Considerable variation was also noted among the samples from the second, 
third and fourth feet. Two of the samples (9 and 10) contained greater 
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amounts of chloride and sulphate in the second than in the first foot, while 
the reverse is true of the other samples. 


TABLE 9 

Cow.position of soil samples^ series C, first foot* 


sjomxmMBTSL 

1 

2 


a 

s 

6 

7 

8 

9 

10 

Parts per million 

CO,. 

465 

390 

360 

420 

360 

525 

450 

285 

420 

450 

HCO,. 

305 

320 

457 

305 

457 

335 

214 


214 

335 

a . 

2080 

1968 

1914 

656 

1489 

2659 

1452 

1179 

17 / 

674 

SO 4 . 

1844 

1148 


433 

1098 

2012 

735 

575 

55 

506 

NO,. 

400 

250 

249 

89 

312 

481 

267 

223 

43 

116 

Total salts. 

7740 

7070 


3085 

5955 


5130 


2405 

3770 

pH value. 

9.6 

9.6 

9.6 

9.6 

9.7 

9.8 

9.8 

9.3 

9.6 

9.8 


* Samples were taken 2 feet apart. 


TABLE 10 


Composition of soil scmples, series C, second foot 


SAU?£E NmCBOt 

a 

2 

3 

n 

5 

6 

a 

8 

9 

10 

Parts per million 

CO.. 

300 

360 

360 

360 

375 

300 

270 

240 

330 

300 

HCO,. 

274 

244 

259 

198 

244 

305 

366 

290 

214 

290 

Cl. 

833 

638 

381 

567 

780 

1072 

372 

523 

1028 

1117 

SO4. 

608 

218 

95 


340 

410 

76 

128 

709 

655 

NO,. 

142 

85 

46 


134 

151 

53 

89 

169 

116 

Total salts. 

3110 

2570 

1820 


2515 

3555 


2325 

4170 

4200 

pH value. 

9.6 

9.6 

9.6 

9.6 

9.7 

9.8 

9.7 

9.3 

9.6 

9.6 


TABLE 11 


Composition of soil samples^ series C, third foot 


SAUPLE NtniBsa 

1 

i * 

3 

a 

5 

6 

B 

8 

H 

10 

Parts per mdUion 

CO,. 

315 

330 

300 

300 

270 

240 

240 

240 

210 

315 

HCO,. 

335 

274 

214 

366 

305 

305 

351 

320 

229 

259 

a. 

355 

266 

381 

230 

195 

355 

186 

275 

239 

301 

SOi . 

107 

100 

84 

31 

41 

124 

11 

46 

41 

42 

NC^. 

53 

29 

37 

23 

20 

50 

15 

32 

29 

22 

Total salts. 

1850 



1365 

1280 

1695 

1220 

1075 

1435 

1650 

pH value. 

9.6 

9.6 

9.3 

9.7 

9.2 

9.6 

9.4 

9.5 

9.2 

9.6 
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TABLE 12 

Composition of soil samples, series C, fourth foot 


SAMPLE KUUBSR 


2 

3 

4 

s 

6 

B 

8 

9 

10 

Parts per million 

CO3. 

180 

150 

150 

165 

60 

60 

90 

75 

90 

330 

HCOs. 

320 

335 

305 

274 

305 

351 

214 

351 

259 

168 

Cl. 

2S7 

319 

142 

97 

142 

346 

177 

133 

115 

230 

SO4. 

83 

98 

58 

21 

47 

181 

43 

34 

31 

62 

NOs. 

24 

20 

12 

9 

12 

26 

18 

15 

11 

18 

Total salts. 

1320 

1400 

920 


675 


835 

830 

900 

1485 

pH value. 

9.4 

9.5 

9.0 

8.9 

8.7 

8.9 

8.9 

9.0 

8.9 

9.7 


4200 


0600 


g OOOO 

S 2400 

0 

a. 


*5 


1800 


1200 


600 


^aCj 




/ 


\ 


\ 




\ 


U \ K 


\ ! : 
\ / / 



18 ft. 


FtG. 3, Graphs Showing the Linear Variation or an Alkau Soil at Distances or 
Two Feet Apart, First Foot, Series C 
Na 2 C 08 calculated from methyl orange titrations 


DISCUSSION 

The preceding data show that the amount of some one or more of the soluble 
salts in soil samples tahen from a very small area varied enormously. The 
distribution of chloride and sulphate was especially variable. Samples taken 
only 2 feet apart showed a difference of more than 600 per cent in chloride and 
more fhi^n 1000 per cent in* sulphate content. As is illustrated by the ^phs, 
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the concentration of the several neutral salts was much more variable than that 
of the alkali carbonates, although the distribution of the latter was far from 
being uniform. 

It is evident from these data that the analysis of a single soil sample drawn 
from one place within the area studied, has very little value. It was found, 
for example, that one or more samples from each of several of the experimental 
plots contained practically no alkali salts; other samples contained high con¬ 
centrations of one or more salts; and stiU others had a composition intermediate 
between these extremes. If similar variation characterizes the distribution of 
salts in alkali soils generally, it may be safely concluded that the analysis of 



Fig. 4. Graphs Showing the Linear Variation op an Alkali Soil at Distances op Two 
Feet Apart, Second Foot, Series C 
NasCOj calculated from methyl orange titrations 

samples such as are commonly submitted by practical fanners is a waste of 
time. In fact, the conclusions that are likely to be drawn from the analysis of 
such samples may be so erroneous as to lead to the recommendation of practices 
the very opposite of those that should be employed. 

The character of the vegetation probably affords one of the safest guides 
in the sampling of an al k al i soil. Wherever noticeable differences occur in 
the vigor of a given species or in the distribution of different species, there is 
likely to be some difference in the salt content of the soil Poor growth of a 
crop, however, does not necessarily denote alkali soil, for any or all of the fac¬ 
tors which limit plant growth in humid regions, many of which are very im¬ 
perfectly understood, may be present in the soils of allfflli regions. 
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It seems quite doubtful whether a composite sample of an alkali soil can 
be relied upon unless it be composed of a large number of individual samples 
each of which was taken from an area in which the variation lies within reason¬ 
able limits. At present it is not possible to say what number of individual 
samples will be required to determine the mean composition of a given area of 
alkali soil. If the area be of considerable size the number of samples is reason¬ 
ably certain to be very large. 

In a subsequent paper the reclamation of this soil will be discussed. It is of 
interest to point out at this time that the application of a given treatment 
has already proved highly successful with certain parts of these plots and 
quite unsuccessful on other parts. In undertaking plot experiments on this 
or other similar soil, it is scarcely possible to over-emphasize the importance 
of the extreme variability of the soil. 

The above results suggest some of the reasons why it is often found diffi¬ 
cult to determine the alkali tolerance of plants. In the jBrst place, alkali 
soils usually contain more than one kind of salt. In the second place, it is 
rare that the concentration of one salt varies while that of the others remains 
constant. Thirdly, the soil on one side of a plant may be highly charged with 
salts and on the other side comparatively free from salts. In view of these 
facts it is doubtful whether an accurate determination of alkali tolerance can 
be made by means of held cultures alone. 
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INTRODUCTION 

The physical, chemical and biological complexity of arable soils is every¬ 
where recognized. Soils may be considered as being made up of three distinct 
classes of physical components or phases; the solid, the liquid and the gaseous. 
Until recent years the solid phase has received the lion’s share of attention, 
but we are beginning to realize the importance of more definite knowledge 
concerning the gaseous and especially the liquid portion of soils. This is 
necessary if wc are to understand more perfectly soil interrelationships and 
ph 3 rsiological plant processes. The analysis of soil gases has from early times 
been a subject of interest and somewhat extended study, especially the oxy¬ 
gen: carbon-dioxide ratio.^ The liquid phase, however, as it exists in the in¬ 
terstices and as it intimately surrounds the soil particles at approximatdy 
optimum moisture content, although receiving much opinionated theoretical 
discussion, has to its credit a surprising lack of experimental data. This, of 
course, is due to the fact that numerous diflBciiIties are at once encountered 
when one attempts to separate the natural soil solution from its harboring 
solid phase,® That a furtherance of our knowledge of this, the universal 
plant nutrient solution, is indispensable to the advancement of our science, 
is now admitted by most students of soils. At one time it was contended 
that all normal, tillable soils contain solutions of approximately equal concen¬ 
trations, and that work on solutions from different soils was but a repetition 
of effort. This erroneous theory has fortunately been refuted and the value of 

1 The work herein reported was performed in the laboratories of the University of California. 

It is a pleasure to the writer sincerely to thank Dr, C. B. Lipman, Dr. W. P. Kelley and 
Prof. D. R. Hoagland for their many helpful suggestions and timely criticisms. 

* The more recent and exacting work of Russell and Appleyard in England, Lyon and Bizzell 
in America, and Harrison, et al., in In^ has greatly extended our knowledge along this 
line. 

8 Quincke’s figures show that solid particles the size of "cla3r” are able to hold thin water 
films to their surfaces with a force eqidvalent to approximately 300,000 poxmds to the square 
inch, while Lord Rayleigh, from certain experimental data, calculated that thin films of 
liquids (water among them) were held to certain surfaces with a force of 25,000 atmospheres 
per square inch. 
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such studies is now widely recognized Not only is it desirable to ascertain 
the ratios, and absolute concentrations of the so-called mineral nutrient ele¬ 
ments dissolved in soils of different productive capacities, but also is a knowl¬ 
edge of the concentrations of certain inorganic toxic substances, such as alumi¬ 
num, manganese, ferrous iron, hydrogen ions, and the so-called ‘‘alkali salts,’’ 
in the soil solution^ of decided importance. Exact quantitative knowledge 
regarding the natural liquid phase of soils may further enable us to evaluate 
more accurately the data obtained by means of water extracts. Definite 
knowledge concerning the natural soil solution is necessary to an under¬ 
standing of soil-fertility problems. And finally, those minute and indis¬ 
pensable allies to continuous productivity, the soil microorganisms, hve, 
function in and derive their food supply from this same imperfectly known 
soil solution. 

The present paper presents a quantitative chemical study of the liquid phase 
of soils as extracted by a direct pressure method. The idea of using heavy 
pressures, as secured on large testing machines, for this purpose was proposed 
by lipman (10) in 1918 after a few preliminary experiments had shown its 
feasibility. The procedure was at the time quite severely and somewhat 
caustically criticized by Northup (IS). That this criticism was founded largely 
upon opinion, and can hardly be said to have been substantiated by fact, will 
be shown by subsequent data. 

PREVIOUS WORK 

It is not the purpose of the writer to review all of the past attempts at se¬ 
curing the soil solution as it exists naturally in soils. This has been quite fully 
done by Morgan (14) on two separate occasions. He groups such procedures 
under the general headings of drainage waters, soil extracts, artificial roots, 
centrifuge and displacement methods. No mention was made by him of 
direct-pressure or “squeezing” methods, although a few such attempts have 
been recorded. 

Probably Dc Saussure (19) was among the first to secure a portion of the soil solution for 
analsrtical purposes. Direct pressure applied to the moist soil was used by him. He filled 
large vessels with soils containiag considerable quantities of humus. These were then 
saturated with pure water and allowed to drain for a period of five days. The soils were 
then subjected to powerful pressures and the water thus extracted was analyzed quantitatively 
for carbon dioxide and tested qualitatively for other substances. 

More recently van Zyl (23), experimenting largely with clay soils, employed direct pressure. 
He found no difficulty in securing considerable quantities of soil solution by this means. 
Analyses of such solutions from diSerent soils showed decided differences in the amounts of 


* The reader tirould not confuse the terms “soil solution” and “soil extract.” The former 
is the soil water as it exists naturally in normal field soils, while the latter is a solution secured 
by extracting a soil with various solvents, usually used in excess of soil wei^t, and under 
decidedly ar t i fic ial conditions. The several solvents employed in such extractions may yield 
solutions far removed in quantitative composition firom the true soil solution. 




am SOIL soLunoN 


193 


plant food constituents present. He stated that this was due to previous fertilization and to 
climatic factors. 

Studies later conducted at the University of GSttingen by Ehrenberg and van Zyl (6) 
on soil solutions are also of interest. Loam and clay soils weie subjected to hi^ pressures, 
using heavy hydraulic presses of great capacity. Comparisons of solutions thus obtained from 
soils differently fertilized are reported. Unfortunately the pressures used were not stated. 

Ramann, MSrz and Bauer (18), after having shown drainage waters to reflect but poorly 
the composition of true soil solutions, also adopted the method of forcing the capillary water 
out of soils as taken from the field, with a hydraulic press. They employed a pressure of 300 
kgm. per sq. cm. (4300 lbs. per sq. in.). The expelled liquids were analyzed for calcium, 
magnesium, potassium, phosphoric add, and sulfates. The soil samples were taken once 
each month, beg innin g in May and ending with October. Both surface soils and subsoils 
were used. The monthly variations of the different ions under growing crops were discussed, 
together with the effects of climatic factors on the fluctuations noted. The solutions obtained 
from the subsoils were all of fairly constant composition and of low concentration. 

A rather ingenious method of obtaining the soil solution was recently proposed by 
Taylor (22). He buried pads of absorbent filter paper in moist soils for definite lengths of 
time and then extracted the absorbed solutions from the pads by subjecting them to high 
pressures. The solutions thus procured were subsequently analyzed as were the soils them¬ 
selves (acid extraction). By a comparison of such analyses it was concluded that “the 
composition of the soil water is not that which would be inferred from the chemical analysis 
of the corresponding soil.” 

An interesting paper, reviving the old alcohol-displacement method proposed nearly 
fifteen years ago by Ischerekov (9), has recently appeared by Parker (16) in which yields of 
36 to 75 per cent of the total soil solution were obtained. A few preliminary experiments by 
the writer showed displacements approaching 60 per cent for fine sandy and rilt loams, but for 
the heavier soils, several days were often requiied in securing a small fraction of the soil solu¬ 
tions present at optimum moisture contents. The method, however, has promise and should 
receive the careful consideration of soil chemists. 

Before taking up a discussion of the direct pressure method for extracting the soil solution, 
I desire very briefly to record certain experiences with the oil-pressure procedure as suggested 
by Morgan (14), which were secured at the expense of the Agricultural Experiment Station of 
the Hawaiian Sugar Planters’ Association in Honolulu in 1917 and 1918. Three widely 
different types of Hawaiian soils were used: clay loams, sandy loams and a highly organic rke 
soil. Various mechanical devices and different methods of packing the soils were tried. Two 
grades of parafiSn oil (li^t and medium heavy) were used, and pressures up to 1000 lbs. per 
square inch were employed. The inside diameter of the cylinder used was 10 inches 
and its height was 18 inches. 

It was fotind first of all that the oil did not penetrate the soils, forcing the moisture out 
ahead of it, as was claimed. One inch of penetration was the maximum ever noticed, even 
in the sandy soils and under pressures up to 1000 pounds per square inch, all due precautions 
being taken. This w^as the case irrespective of grade of oil used. The oil under pressure 
acted as a solid ram or piston. The clay and organic rice soils were very springy, contracting 
and expanding like a sponge as the pressure was turned on and off, but practically no pene¬ 
tration of the oil into the soil mass was noted. The moisture which was expressed came almost 
entirely from the lower la 3 ^rs of the soils, as the following figures taken at random from many 
such data will show: 

After pressing 6 hours at approximately 900 pounds, 

per cent 


Origmal (soil No. 1).47 0 

Surface 4 inches (next to oil).47 0 

Second 4 inches.....46.1 

Third 4 inches.45 0 

Last 3 inches (next to screens)...42.0 


(Samples taken from cylinder wdth auger) 
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It was also found that but a very small fraction of the total moisture (when the soils 
are at optimum) can be secured by hydraulic pressures within reason; less than 20 per cent 
for the sandy soils, less than 2 per cent for the clay loams and less than 10 per cent for the 
peaty rice soil. In fact, only a few cubic centimeters of solution were secured from 30 to 40 
pounds of several of the heavier clay soils pressed at 500 to 800 pounds presssure for several 
hours. 

Finally, as stated by lipman (10), the method is C'sitremely “time-consuming and untidy,” 
This criticism might well be waived if desirable results had been secured but this can hardly 
be said to have been the case. It should be borne in mind, however, that the writer here 
employed Hawaiian soils which differed greatly (both ph 5 ^ically and chemically) from the 
arable soils commonly found on the mainland. 

THE DIRECT PRESSURE METHOD 

The objects of the eyperimenls about to be described were: (1) To sepaiate 
from the solid soil mass the true soil solution as it exists in soils when they 
are under approximately optimum moisture conditions for the growth of crop 
plants; (2) To ascertain the actual concentrations within these solutions of 
ions essential as food materials for plants; (3) To compare quantitatively these 
results with data from the same soils obtained by the water-extraction method. 

Apparatus employed 

As the name of the method suggests, heavy pressmes were applied directly 
to moist soils held in properly constructed retaining vessels or presses which 
were provided with suitable exits for the escape of the expelled solutions. 
The design and construction of the retainers capable of withstanding pressures 
up to 100,000 pounds to the square inch, which would allow moisture to escape 
but at the same time hold back even the smallest particles of soils, was a task 
which consumed by far the larger portion of the total time spent by the writer 
upon this work, and he wishes here to express to Professor C. T. Wiskocil, 
in charge of the Testing Laboratories of the Department of Civil Engineering 
of the University of California, his most sincere thanks for the many helpful 
suggestions rendered and for the actual design of the last and most efiScient 
press built for this work. 

Three different presses were constructed in the machine shops of the Testing Laboratories 
during the course of the experiments. Press no. 1 was simply an 8-inch cylindrical sted 
block carrying a 2-inch hole through its center which was carefully finished to receive two 
movable, hardened and ground steel pistons. The interior was slightly recessed. A finely 
perforated brass sleeve of the same inner diameter as the pistons was placed in the recess, 
and thoroughly washed white sand packed between it and the inner wall of the retaining steel 
bbek. Through the btock an opening for the expressed solution was provided. The soil 
was packed into the brass sleeve, the pistons inserted, one from the bottom and the other 
from the top, and the whole placed on the table of a heavy testing machine which supplied the 
pressure. As will be seen, the washed sand here acted as a filter or soil retainer. This t 3 rpc 
of press was most efficient in the separation of solutions from heavy clay and clay-loam soils 
although it was extremely time-consuming in operation. 

The second press constructed, Press no. 2 (see plate 1), was the one used for obtaining a 
majority of the solutions later to be discussed. This one consisted of a heavy steel retaining 
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block bored out on a slight taper to receive a sectional steel sleeve through which a 2>indi 
hole was carefully bored and ground to receive the hardened and ground pistons. Many rows 
of very small holes (one-ten-thousandth of an inch in diameter) were drilled from rhnnTiftla 
cut lengthwise along the backs of the four pieces of the sectional sleeve into the 
2-inch finished hole. Through these fine holes the expressed soil solution passed. The 
taper and collapsible sleeve were made to facilitate the ejection of the hard briquettes of 
soil after pressing. This press could be efficiently used only with sandy soils, as the finer 
silts and clay soils were readily squeezed through the RTnall holes. However, with all 
of sandy soils, even with very fine sandy loams, the apparatus was a decided success, and 
rapid of operation. 

Press no. 3 was without doubt the best one constructed, but it became necessary for the 
writer to leave California after having worked with it only a short time. It became evident 
while working with Press no. 2 that the small holes, which were supposed to allow only the 
solution to pass through, were too large to hold back the smallest soil particles. It was 
imi^ossible, however, to drill smaller holes, hence some other device was necessary. The 
making of fine slits, rather than holes, suggested itself. The third press was con¬ 
structed on this principle, and is shown in plate 2. The moist soil was packed into the 
center hole, as in the other presses described, and the pistons inserted and forced together 
against the soil by one of the testing machines. With all presses, considerable trouble was 
at first experienced because the finer textured soils crept back past the pistons in thin ribbons 
when the pressure was first applied. However a thin layer of wa^ed sand next to the piston 
ends permanently overcame this difiiculty. 

The machines which supplied the pressure were of standard heavy types as 
found in laboratories where building materials are tested. Three machines 
were used at different times, one capable of giving 50,000 pounds total pres¬ 
sure per square inch, one of 100,000 pounds capacity (see plate 2), and one 
of 500,000 pounds capacity. The first two were motor-driven; the last, of 
hydraulic ram type. The smallest machine was usually employed smee no 
moisture was expressed from the fine sandy loam soils at pressures above 16,000 
pounds per square inch. 


The soils employed 

Much work has been reported during the past few years by Burd (2), 
Hoagland (7) and Stewart (21) of the California Agricultural Experiment 
Station on the effects of plant growth and season upon the concentrations of 
the soil solution as periodically manifested by water extracts of cropped and 
fallowed soils. Since an important feature of this present investigation was 
to compare water extracts with actual soil solutions, it was thought advisable 
to use the same soils for this work as had been employed previously by the 
above-named investigators. Through their courtesy sufficient quantities of 
certain of these soils were placed at the writer’s disposal. They had been 
collected in 1914 and 1915, and since that time had been stored m water¬ 
tight bins in an air-dried condition. The numbers originally given to these 
soils have been retained throughout the present work. A brief description of 
the samples follows. All are California soils and have been mapped and named 
by the Bureau of Soils, United States Department of Agriculture. 
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Soil no. 7. Hanford fine sandy loam. From Arlington, southern California. Oats on 
land when sampled. Past treatment: originally grain; about 1890 put into alfalfa for 13 
years; potatoes 2 years; alfalfa 4 years; oats 5 years. Yield of oats: 4 tons of hay per acre. 

Soil no. 8. Fresno fine sandy loam. From Fresno, San Joaquin Valley. Seedless grapes 
on land when sampled. Past treatment: ori^nally grain; 14 years in Sultanina grapes. Pro¬ 
duction: about 2 tons of raisins per acre for the last 6 years. 

Soil no. 9. Kimbal fine sandy loam. From Redlands. Navel oranges on land when 
sampled; 25 years in oranges; formerly desert land. Heavily fertilized. 

SoU no. 10. Tejunga fine sandy loam. From San Fernando Valley, southern California. 
Peaches on land when sampled; originally IS years in prunes; last 10 37ears in peaches. Some 
stable manure used. 

Soil no. 11. Madera fine sandy loam. From Kearney Park, San Joaquin Valley. Navel 
oranges on land when sampled; in oranges for past IS years; formerly in grain. Well fertilized. 

Soil no. IB, Yolo sandy loam. From the Unversity Farm at Davis, Sacramento Val¬ 
ley. This soil has been cropped to grain (wheat or barley) since about 1860. 

Soil no. 14. Standish fine sandy loam. From the Honey Lake region, northern Cali¬ 
fornia. Virgin, desert soil; small shrubs and weeds, natural growth. 

SoU no. 3. Imperial Valley silt. This sami/le was not secured from Professor Burd, 
but was collected by the writer in 1915 from near Holtville in the center of the Imperial Valley, 
southern California. It is a virgin, desert soil supporting a sparse growth of grease-wood 
(SarcobaUis vermiculatus) and creosote bushes {CoiUha Mexicana). Annual rainfall, 2 to 4 
inches. 

Table 1 (21, p. 321) gives tbe moisture equivalents (method of Briggs and 
Shantz), hygroscopic coefficients (method of Hilgard), and the mechanical 
analyses (method of Bureau of Soils) of the soils used. From these data a fair 
idea of the physical properties of the several soils may be formed. 

TABLE 1 


Physical characteristics of soils employed 


SOIL 

NUMBER 

MOISTURE 

equiva¬ 

lents 

BYGRO- 
SCOMC COCT- 
EICIENTS 

mi:cb:anxc4X analyses 

Coarse and 
medium sand 

Fine sand 

Very fine 
sand 

snt 

CUy 


percent 

percent 

percent 

Percent 

perunt 

percent 

percent 

1 

13.31 

2.89 

5.69 

15.60 

53.67 

16.01 

9.77 

s 

S.06 

1.17 

5.14 

21.22 

50.63 

17.57 

5,56 

9 

9.87 

1.53 

16.30 

21.73 

43.67 

10 87 

8.19 

10 

18.38 

2.94 

4,51 

16.62 

38.76 

26 25 

13.37 

11 

16.28 

3.16 

5.59 

20.95 

39.34 

19.08 

14.62 

12 

9.72 

1.77 

9.37 

23.27 

46.24 

9.61 

9.44 

14 

17.99 

4.74 

7.14 

24.54 

38.94 

15.55 

13.87 


Prdimimry experiments 

In order to establish certain important facts as well as to answer certain 
criticis ms (IS) of the pressure method, a number of prelimmary experiments 
were first performed. It was deemed necessary to ascertain the effect of the 
different pressures upon total soil solubility, upon the spedfic gravity of the 
soil solutions extracted, upon their specific conductivities and upon the solu¬ 
bilities of the more important elements. Furthennore, it was thought 
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desirable to know whether such pressures would effect a measurable fining or 
abrasion of the soil particles, thereby exposing fresh surfaces to the solvent 
action of the soil moisture during extraction. We realized that bacteria are 
b'lled at high pressures, hence no work of a bacteriological nature was 
attempted on any of the solutions obtained. 

An increase in pressure has been supposed to enhance the solvent action of 
water on minerals and soils, but so far as the writer has been able to find, little 
direct proof of this fact is extant. That this supposition, in some cases at 
least, is erroneous has been shown by Spezia, by Tammann and also by Van 
Stackelberg (4, p. 31). While there is some geological evidence to show that 
the solvent action of water at great depths in the earth’s crust is slightly greater 
than at the surface, Cameron and Bell (4) state that probably here the increases 
axe largely due to higher temperatures and to the increased concentration of 
gases in solution, notably carbon dioxide. Some work has been done on the 
effect of direct pressures on the solubilities of salts dissolved in pure water, 
but here again the data is meager and often conflicting, as in the well-known 
case of ammonium chloride. It would seem probable that slight temperature 
fluctuations while working at high pressures roight possibly accoxmt for very 
small differences occasionally noted, for wb‘le temperature change makes a 
vast difference in degree of solubility, exceedingly high pressures even upon 
concentrated solutions are required to effect the smallest measurable differ¬ 
ences. In the light of such data as was available and in the light of informa¬ 
tion obtained by discussing the subject with chemists, it hardly seemed prob¬ 
able that great differences would be found in the concentrations of so dilute 
a solution as the natural soil water as a result of the pressures here employed. 

In an endeavor to test this matter experimentally the expressed solutions 
from a number of soils were obtained in fractions depending upon the pressures 
used and determinations were made of the total soluble solids, soluble organic 
matter and dissolved inorganic matter on aliquots of these several fractions. 
The soils were kept under approximately optimum moisture conditions for 
two or three days immediately before pressing. Those here used were all 
sandy loams of varying degrees of fi'neness. The three fractious were so regu¬ 
lated as to give approximately equal volumes of solution. The results appear 
in table 2. 

As will be seen by studying tliese data, the quantity of materials dissolved 
in the different fractions of the soil water extracted from a given soil under 
different pressures varied but slightly in amount This holds for the organic 
as well as for the Inorganic solids It is thus highly probable that the 
heavier pressures used had but slight effect, if any, on the amoimts of materials 
which were dissolved in the solutions of the three soils prior to pressing. 
We cannot^ of course, he sure that the higher pressures, or the lower ones for that 
maUer, were actually applied to the liquid phase itself, as this was always free to 
escape. It would seem somewhat more probable that most of the force was 
utilized in ovcrcomins; the friction ol the solid phase caused by its compression 
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into a slightly smaller space. From the above data it would also appear that 
the solutions remaining in these soils after applying the pressures were probably 
of similar concentration to those removed, and that still greater amounts of 
solution might have been obtained had the solid particles of the soil been of 
a more 3 delding or compressible nature. 

The specific gravities of the three fractions of soil solution removed from soil 
12 were determined by the picnometer method. The results were as follows: 

specific iravUu 


First fraction (0-1600 lbs.). 1.0010 

Second fraction (1600-5730 lbs.). 1.0009 

Third fraction (5730-15925 lbs.). 1.0010 


As the results here secured are very nearly identical, and as determinations 
subsequently made practically proved the identity of the several fractions, 
this determination was not made on the fractions of the other soil solutions 
obtained. 


TABLE 2 


The effect of different pressures on soil solubilities 


SOILKUMBEIt 

PRESSURE rsAcnas 

WATER 

EXTRACTED PR01C 

EACH 400-<»I. 
CHARGE OP HOIST 
SOIL 

TOTAL 

SOLUBLE SOUDS 

INORGANIC 

SOLUBLE 

SOUDS 

ORGANIC 

SOLUBLE 

SOLIDS 


Ihs, Per sq* in. 

CG. 

p.p.m.* 

p.p,m. 

p.p.m. 

12 

0- 1600 

12-13 

1340 

890 

450 

12 

1600- 5730 

10-11.5 

1310 

870 

440 

12 

5730-15925 

7- 8 

1350 

860 

490 

10 

0- 1600 

15 

2120 

1000 

1120 

10 

1600- 5730 

14r-15 

2240 

1090 

1150 

10 

5730-15925 

12-13 

2280 

1020 

1260 

7 

0- 1600 

14 

1610 

810 

800 

7 

1600- 5730 

15-16 

1750 

910 

$40 

7 

5730-15925 

11-12 

1760 

920 

840 


* Parts per million of soil solution. 


Specific resistance (the reciprocal of specific conductivity) determinations 
were made on all of the fractions secured. While this determination does not 
show the concentration of non-electrolytes and of un-ionized electrolytes, it 
was thought to be of importance as a sensitive indicator of total ionic concen¬ 
tration, and due to its dilution, the mineral or salt content of the soil water was 
thought to exist very largely in the ionic state. Table 3 presents these data. 

The specific resistances of the several pressure fractions from each of the 
three soils are within the limits of experimental error, denoting almost identical 
ionic concentrations in each case. 

As a final test on the chemical similarity of the solutions secured at different 
pressures, calcium and magnesium determinations were made on the several 
fractions. These two elements were chosen as here best reflecting ionic con- 
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centrations in general for they were known to be present in largest amounts, 
would thus be able to be determined with greatest accuracy in the small 
amoimts of solution available, and would finally be capable of best showing 
small fluctuations in concentration. These data appear in table 4. 

These data, taken in conjunction with those previously presented, would 
seem to prove that, with fine sandy loam soils at least, the application of direct 
pressures up to approximately 16,000 pounds per square inch has little, if 
any, effect on the quantitative composition of the expressed solutions, and 
suggest that the concentration of that part of the soil water which remained 


TABLE 3 

Specific conductivities of soil solutions extracted at different pressures 


SOILNinCBER 

PR}ESS0fi£ PKACTZOtr 

SPECZPIC SSSISIAKCE 

1 


Ihs. per sq. in. 

ohms 

12 

0- 1600 

614.4 

12 

1600- 5730 

624.6 

12 

5730-15925 

627.2 

10 

0- 1600 

354.6 

10 

1600- 5730 

364.8 

10 

5730-15925 

369.3 

7 

0- 1600 

448.0 

7 

1600- 5730 

450.6 

7 

5730-15925 

444.8 


TABLE 4 


Calcium and magnesium determinations on soil solutions extracted at different pressures 


SOIL NUMBER 

PRESSURE PRACnON 

CALCEUH 

MAGNESIUM 


lbs. per sq. in. 

p.p,m. 

p.p.m. 

12 

0- 1600 

ISO 

87.5 

12 

1600- 5730 

152 

89.0 

12 

5730-15925 

150 

88.0 

10 

0- 1600 

147 

30.5 

10 

1600- 5730 

165 

37.1 

10 

5730-15925 

165 

36.0 


in the soil after pressing probably carried similar amounts of solutes at the 
time of extraction. 

The last test of the method was made in an endeavor to determine whether 
or not there was a grinding or fining of the soil when pressures of 16,000 pounds 
per square inch or less were applied. Such action, if it took place, might have 
a tendency to alter slightly the chemical composition of the resulting solution 
by exposing the fresh cleavage surfaces of the mineral particles to the dissolving 
effect of the liquid phase, McCool and Millar (12), working with the cryo- 
scopic method, have, in fact, recently shown that grinding soils increases their 
solubility in distilled water, marked daanges being observed in less than 24 
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hours. Suspension or subsidence tests were accordingly made on the moist 
soils, both before and after pressing, as follows: The equivalent of 10 gm. of 
water-free soil was triturated in a little distilled water with a rubber-tipped 
pestle to break up all lumps. These suspensions were then made up to 
exactly 250 cc. and shaken for 1 hour in a shaking machine when they were 
immediately poured into tall, glass-stoppered, graduated cylinders of the 
same bore and height, and allowed to settle for varying lengths of time, de¬ 
pending upon texture. Exactly SO cc. of the turbid suspensions were then 
carefully removed from the surface of each cylinder, evaporated to dryness 
and the solid matter gravimetrically determined. In several cases the coarser 
particles which settled to the bottom were examined under a microscope in an 
endeavor to locate freshly chipped or abraded surfaces. The data obtained 
from the suspension experiments appear in table 5. 

As will be seen, the solid matter in the several subsidence fractions which 
were at the top and obviously carried the smaDest particles of the soils, was not 

TABLE 5 


Suspension tests to note the effect of pressure on abrasion of soil particles 


eOiL KUMBPR 

PERIOD OP SUBSIDENCE 

SUSPENDED MATTPR 
BEFORE PRESSING 

SUSPENDED MATTER 
AFTER PRESSING 


hours 

ppm* 

p.p m* 

12 

4 S 

1390 

1354 

10 

2 5 

2050 

1820 

7 

1 5 

1530 

1600 

8 

8.0 

570 

740 

9 

4.5 

830 


11 

5.0 

1290 

1130 


* Parts per million of suspension. 


greatly altered in amount by the pressure treatment. While it is possible that 
some of the larger particles may have been broken, we are here more especially 
concerned with the finer portions, for Loughridge (11), and more recently 
McCool and Millar (12) have shown that practically all of the materials whici 
readily go into solution in soils come from the silt and clay fractions. No 
definite abrasive action was noted, however, in the microscopical examinations 
of the larger mineral particles. A complete mechanical anal 5 rsis might possi¬ 
bly have settled this point better but lack of time prevented such extended 
preliminary work. 


Percentages of soil solution extracted 

It was the practice of the writer to ascertain first the soil’s optimum mois¬ 
ture content,® bring it up to this percentage with distilled water, and allow it 
to stand, loosely covered, at room temperature for about a week (moistem'ng 
when necessary) before the extraction was made. The soil was thoroughly 

* fifty per cent of saturation as shown by Hilgard’s method. 
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stirred iminediately before pressing and moisture determined. After pressing? 
another moisture determination was at once made. The difference between 
these gave the actual percentage of moisture expressed, calculated as percent¬ 
age of the dry soil. 

Table 6 records the percentages of moisture in each soil before and after 
pressing, the actual percentages of soil water extracted, their wilting coeffici¬ 
ents as calculated from the mechanical analyses by the formula proposed by 
Briggs and Shantz, and the percentages of “unfree water” as calculated for 
these soils by Hoagland (7) from freezing point determinations. 

A perusal of table 6 reveals certain points of interest. The first is that, of 
the eight fine sandy loam soils moistened to but 50 per cent of their total mois- 


TABLE 6 

Percentages of soil moisture extracted 


SOIL NDMBSa 

MOISTURE 

XN SOa BEFORE 
PRESSING* 

MOISTURE 

IN SOIL AFTER 
PRESSING* 

MOISTURE 
EXTRACTED PROM 
SOIL 

WILTING 

COEFFICIENT 

(CALCGLATED) 

“UNPREE WATER" 

(7, f .371) 


per cent 

percent 

per cent of total 

percent 

percent 

3 

22.7 

9.0 

60.3 



7 

19.1 

6.6 

65.4 

7.2 

6.0 

8 

18.3 

8.7 

52.5 

4.5t 

4.0 

9 

17.7 

9.9 

44.8 

10.8 

6.0 

10 

23.0 

8.4 

63.5 


8.0 

11 

17.8 

6.9 

61.2 

8.9 

6.0 

12 

21.9t 

8.Of 

63.4 

6.6 

4.0 

14 

22.0 

10.4 

52.7 

9.8 

7.5 


* Figured on moisture-free basis. 

t Moisture data on fractional extractions only were secured. 
t This wilting coefficient is apparently too low. 


turcrholding capacities, over 60 per cent of this water was extracted in five 
cases, over 53 per cent in two cases and about 45 per cent in the final instance. 
Not more than 16,000 pounds pressure per square inch was ever required, and 
it should be stated that very little solution (none in most cases) was secured 
above 10,000 pounds pressure per square inch, although, to be sure of uniform 
treatment, the final pressure used was in all cases 16,000 pounds.® In practi¬ 
cally every instance, at least three-quarters of the soil solution was obtained 
before the gauge registered 20,000 pounds total pressure (6,370 pounds per 
square inch of piston surface). Another interesting fact is that, in almost 
all cases, the percentage of moisture in the soil after pressing was within less 
than one per cent of its calculated wilting coefficient. In other words, the 
amount of soil water removed by direct pressure was approximately the same 
as that which plants axe able to secure when growing under proper conditions. 

• Pressures up to 100,000 pounds were employed in a few cases, after the usual pressing but, 
from the fine sandy loam soils, no more solution was ever forced out. This was not the case 
with the other soil types. Very little moisture was expres'-ed from clay loams until at least 
15,000 pounds per square inch had been applied. 
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The so-called ‘‘unfree’’ or ‘‘combined” water of soils as determined by 
Bouyoucos (1) (that fraction which cannot be frozen) has been determined for 
these soils by Hoagland (7, p. 371), and is given for reference in the last column 
of the table. By comparison with data shown in column 3, we see that in 
some cases, the moisture content has been reduced by pressing almost to the 
point of “unfree water,” while the average difference for all determinations is 
but a little over 3 per cent above the mean “unfree water” content. 

The analyses of the soil solutions 

About 500 cc. of soil solution were required for the several determinations 
made. As from 30 to 40 cc. of solution was obtained per single pressing (about 
400 gm, of moist soil to the charge), from IS to 20 pressings from each soil 
were usually necessary. With Press no. 2, each portion required about 30 


TABLE 7 

The chemical composition of the soil solutions 


SOIL 

NXnfBE& 

PER¬ 

CENTAGE 

OP son. 

WATER 

EX¬ 

TRACTED 

spEcmc 

RESIST- 

ANCE 

RE¬ 

ACTION 

TOTAL 

SOLU¬ 

BLE 

SOLIDS 

DJOR- 

CANIC 

SOUDS 

Ca 

Mg 

K 

NO# 

PO 4 

SO 4 


percent 

ohms 


p»p m. 

p,p.m. 

p.p,m. 

p.p,m. 

p.prn. 

p.p.m. 

pp.m. 

p.pm. 

3* 

<50.3 


7.3 






97 



7 

65.4 

454.4 

6.9 

1950 


270 

62 

42 

389 

2 

173 

8 

52.5 

457.6 

7.0 

2120 

1210 

223 

65 

67 

549 

2 

251 

9 

44.8 

480.6 

7,0 



223 

43 

33 

212 

1.5 

177 


63.5 

377.6 

7.1 



355 

97 

81 

487 

2.5 

170 

11 

61.2 

211.2 

6.9 


2490 

452 

154 

108 

761 

5.5 

293 

12 

63.4 


7.0 


630 

110 

67 

16 

• 71 

1.5 


14 

52.7 

475.1 

6.9 

1920 

1090 

208 

55 

82 

i 566 

1.8 

148 


* Not completely analyzed. 


minutes, so that an entire day’s work was ordinarily necessary to secure the 
needed volume of liquid. The solutions were immediately taken to the labora¬ 
tory, filtered through paper if turbid, separated into the aliquots required for 
the several determinations, and the evaporations started at once so as to avoid 
any possible bacterial alteration of the solutions. Calcium was determined 
Yolumetrically, and magnesium, gravimetrically, in 100 cc. aliquots, phosphates 
(21) in 200 cc. aliquots, potassium (21) in 100 cc. aliquots, while sulfates 
were gravimetrically determined on the residue from the inorganic solids por¬ 
tion. Nitrates were determined by the phenol-disulfonic-add method on a 
25 cc. aliquot. The conductivity measurements were made on the 200 cc. 
portions which were subsequently used for the phosphate determinations. 
Due to the usual presence of considerable amounts of nitrates, the hydrogen- 
ion concentration measurements were made colorimetrically on 8 or 10 cc, 
of the solutions. The results of these analyses appear in table 7. 
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The concentrations of the several ions have all been figured to parts per 
million of soil solution. Considerable silica and sodium, as well as iron, were 
noticed in several of the soil solutions during the course of the analyses. These 
were not quantitatively determined, except the iron in the case of soil solution 
10. This solution carried 14 p.p.m. of dissolved iron (Fe). Slight precipitates 
of ferric hydroxide were noticed upon adding ammonium hydroxide in most 
of the solutions, prior to the calcium precipitation. 

The specific resistance measurements are interesting in that they show the 
total iornc concentration of the soil solutions secured. Recalling that resist¬ 
ance decreases with increased concentration, we see that, with the exception of 
soil 7, a correlation is in all cases possible between the total dissolved solids 
as tabulated in column 5 and the resistances in ohms as shown in column 3. 
The order of decreasing concentration is as follows: soils 11, 10, 7, 8, 14, 9 
and 12. By referring to Burd’s (3) discussion of the relative fertilities of these 
same soils as shown by cropping tests we find the following classification: 
Good, 11, 8 and 14; medium, 10 and 7; poor, 9 and 12. 

Using the freezing-point method of Bouyoucos, Hoagland (7) has cal¬ 
culated the concentration of total dissolved solids in the soil solutions of 
these soils under approximately optimum moisture conditions. The follow¬ 
ing table presents the averages of his results as secured periodically over a 
period of several months from the soils of the tank experiment, together with 
those directly detennined on the soil solutions of the same soils by the writer.'^ 


TABLE 8 

Calculated and determined concentrations (dissolved solids) of soil solutions 


SOIL NUMBER 

CALCULATED BY HOAGLAND FROM LOWERED 
FREEZINO POINT 

DIRECTLY DETERMINED 

ON BIN SOILS 

Fallowed 

Cropped. 


p.p,m. 

p,p.m. 

i p.pM, 

7 

3666 

1830 

1950 

8 

3850 

1700 

2120 

9 

2250 

1400 

1760 

10 

3200 

1750 

3300 

11 

4200 

1800 

4300 

14 

3000 

2100 

1920 


The results determined directly from the expressed solutions are in most 
cases much lower than those calculated from freezing point data on the fallowed 
soils but higher than those from the cropped soil. There are points of simi¬ 
larity, however. For instance, both methods show soil 11 to cany the solu¬ 
tion of highest concentration while soil 9 gives the lowest results. It should 

^ While the samples for all of this series of determinations came from the same original lots 
of soil, those experimented upon by Hoagland had been subsequently cropped and otherwise 
differently treated from those used by the writer, which had been stored in bins for the past 
five years in an air-dried condition. 












204 


PAUL S. BURGESS 


be recalled in making these conaparisons that, while originally, each fallowed, 
cropped and bin soil was identical, differences in subsequent treatment have 
altered their amounts of readily soluble materials. 

Column 4 of table 7 shows all of the soil solutions to be practically neutral 
in reaction. The hydrogen-ion concentration determinations were made by 
the colorimetric method. 

The concentration of calcium ions is consistently high when compared with 
similar data for the more humid eastern soils as given by Morgan (14), using 
the oil-pressure method. The range found by the writer varies from 200 to 
300 p p.m. of soil solution, whereas for Michigan soils 100 to 200 p.p.m. is 
the rule. Concentration of magnesium ions in the soil solutions from the 
California soils studied, range from 60 to 100 p.p.m of solution, while slightly 
higher results are reported by Morgan for humid soils. Potassium-ion con¬ 
centrations are from two to three times as great in the solutions from western 
sofls; while, as might be expected, the nitrate ion is a variable factor in both 
cases. The concentration of the phosphate ion is exceedingly low and shows 
but sUght variations, either as between eastern and western soils or between 
the solutions from soil of diifferent degrees of productivity (1, p. 305). The 
total range was from 1.5 to 3.5 p.p.m. of solution. Sulfates varied from about 
150 to 300 p.p.m. 

If the reacting values of the ions® axe calculated, and the total weights of 
basic and acidic ions compared, there will be f oimd to be a great preponderance 
of basic ions in all of the solutions reported. This is doubtless due to the fact 
that the HCOs ions as well as the Cl and SiOs ions were not determined and 
hence could not be used in these computations. That considerable quantities 
of calcium carbonate and bi-carbonate were present in these soils was shown 
by Stewart, and tests by the writer showed slight effervescence with HCl in 
one or two cases. 

Water-extraction studies 

Since an important part of this work was to be a quantitative comparison 
between the soil solution extracted by the direct pressure method and 1:5 
water extracts of the same soils, portions were extracted with C 02 -free water 
and the resulting solutions analyzed for the Ca, Mg, K, NO 3 , PO4 and SO4 
ions. 

The extracts were roade by placing the equivalent of 400 gm. of dry soil 
in a dean, dry, acid bottle, adding sufficient water to effect the ratio of 1 part 
of soil to 5 of solvent, and shaking in an end-over-end shaking machine (10 
r,p.m.) for exactly 1 hour. The solutions were allowed to settle and then 
filtered through Pasteur-Chamberland porcelain pressure filters rejecting the 
first 200 cc. On these perfectly clear solutions the determinations were made. 
The methods used were similar to those already described for the soil solution 
work, except that larger aliquots (400 to 600 cc.) were here found necessary. 

* The valence divided hy the atomic weight, or the ionic weight as the case may be. 
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Specific resistance determinations were also made on these extracts. 
Hydrogen-ion concentrations were determined on the soils themselves by 
the electrometric method. 

The results secured are recorded in table 9, as parts per million of the 
soil extracts. To convert this data into parts per million of water-free soQ, 
multiply by five. 

TABLE 9 


The chenUcal composition of the 1:5 uater extracts 


SOIL 

KOMBEK 

SPBCI7XC 

RESISTANCE 

REACTION 

Ca 

Mg 

X 

NOs 

PO 4 

so# 


ohms 

PE 

p.pjm. 

p,p.fn. 

p.pm. 

p.pm. 

p.pM. 

P.PM 

3 

4672 

7.4 







7 

6197 

7.3 

16.6 

4.1 

5.4 

13.2 

1.8 

13.0 

8 

6450 

7.1 

10.0 

3.3 

7.1 

18.0 

2.7 

15.1 

9 

6963 

7.2 

10.8 

2.7 

4.2 

9.0 

0.8 

9.3 


4992 

6.5 

17.5 

5.7 

11.2 

44.0* 

2.5 

15.0 

11 

3680 

7.1 

15.5 

6.0 

12.3 

24.6 

Bn 

16.0 

12 

8730 

6.9 

6.2 

5.5 

3.6 

2.1 

Bn 

12.5 

14 

6075 

7.0 

9.0 

5.7 

13.9 

22.0 

mM 

11 0 


* This figure is apparently too high. 


The specific resistances of these soil extracts varied between 3680 ohms and 
8730 ohms. Those found by Stewart (21) to be of high productivity invariably 
^owed a lower resistance and hence a higher soluble salt content than those 
which produced the poorer crops. The hydrogen-ion determinations showed 
the soils to be about neutral, with the exception of soil 10 which was sUghtl}' 
add and soils 7 and 3 which were slightly alkaline. Of the cations determined, 
caldum and potassium were found to vary most as between the different soils; 
the former from 6. 2 to 17.5 p.p.m., the latter from 3.6 to 13.9 p.p.m. of solu¬ 
tion. Magnesium was present in smaller quantities and varied but slightly 
(2.7 to 5.7 p.p.m.). The phosphate-ion concentrations were less constant 
<hnT> had been antidpated from the recognized low solubility of soil phosphates. 
They varied from less than 1 p.p,m. to over 10 p.p.m. in the case of soD 11. 
However, with this one exceptionally high concentration, the differences were 
less (from a little bdow 1 p.p.m. to about 2.5 p.p.m.). As would be expected, 
nitrates were the most divergent, varying from 2 to over 20 p.p.m. The 
sulphate ion was the most constant of the anions. Its range was 9 to 16 
p.p.m. 


Comparisons hetioeen soil solutions and their aqueous extracts 

Several theoretical discussions may be found in the more recent literature 
as to the permissibility of drawing condusions concerning the approximate 
quantitative concentrations of true soil solutions from data secured ly ex¬ 
tracting these soils with pure water and comparing such results with cryoscopic 
determinations. While it is doubtless a fact that those substances present 
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in the true soil solution form a certain definite fraction of those dissolved in a 
1:5 pure water extract of that same soil, we are hardly able to calculate just 
how great a part of the solutes in such an extract formerly belonged to the 
true soil solution and just how much has been subsequently dissolved by the 
greatly diluted solution formed by the addition of so great an excess of pure 
water. Mitscherlich (13), and more recently Hoagland (7) (8), have attempted 
to compute from such extraction data the actual soil solution concentration. 
That many diflBculties arise in such calculations have been fully realized by 
these investigators. For instance, Hoagland (7, p. 390) writes: 

In the first place, it is not safe to assume that a curve based on one range of extractions can 
accurately be extended to cover another range of extractions. Indeed, the experimental 
data indicate that with the smaller proportions of water the curves may change their direction 
very appreciably and it is unfortunately impracticable to obtain extracts for anal 5 rsis in those 
concentrations which correspond to optimum moisture conditions. Another limiting factor 
previously neglected, has been described by Stewart. This concerns the differential effect of 
the solvent. The actual solvent in any case is not pure water, but pure water plus the solids 
already dissolved m the soil solution, and these vary enormously with changmg conditions, 
even in the same soil. It is quite obvious that this factor would modify any calculations of 

the concentration of the soil solution based on water extracts.If we should 

contrast the concentration of the soil solution, calculated from the extracts to the total mois¬ 
ture of the soil, with the concentrations shown by the freezing-point method, there would be 
a general similarity of magnitude. Logically, however, a comparison is much more justifiable 
when the extracts are calculated not to the total soil water, but to the “free water,” in the 
sense meant by Bouyoucos. It is then apparent that the concentration of the soil solution 
calculated by the extraction method is from two to five times that indicated by the depressions 
of the freemg point. 

Hoagland, et al. (8) also remark: 

The value of the determination made by the water-extraction method rests primarily on 
the assumption that a logical relationship exists between water extracts and the soil solution. 
.... When a l-to-5 extract of soil is made with distilled water, the quantity of total 
solids is from 1.5 to 5 times that present in the soil solution, as calculated by Ike frezing-point 
method. 

That Hoagland is justified in stating that comparative data of some value 
may be obtained by the water-extraction procedure is generally borne out by 
facts hereafter presented, although results that more nearly reflect the con¬ 
centration of the true soil solution might be obtained by making the freezing- 
point determinations at or above the soil's saturation point (16, p 229) and 
discarding the “unfree water” idea entirely in performing the calculations. 

In order that valid comparisons may be drawn between the concentration 
and composition of the soil solutions and the water extracts of the same soils, 
it is obviously necessary to arrange the data as given in tables 7 and 9 so that 
they are as nearly as possible comparable. In order to gain this end, the writer 
has calculated all data to the basis of water-free soil; i.e., the data have been 
figured in such a way that the solutes in each cubic centimeter of soil solution 
or of water extract are the amounts dissolved from a definite weight of water- 
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free soil. A mementos reflection will show that there are two different ways 
in which these data may be calculated and compared. The first would assume 
that in all soils a part of the soil solution is either ph 3 ^ically or chemically com¬ 
bined and plays no active part as a true solvent (the “unfree-water” idea of 
Bouyoucos), hence it should be subtracted from the “total moisture” in the 
case of each soil before calculating the concentration of the soil solution in 
terms of “parts per million of water-free soil.” The second viewpoint would 
assume that all of the water in soils acts as a true solvent and that none of it 
belongs to the so-called “unfree” class. In the light of recent work grave 
doubts exist in the minds of many soils scientists as to whether any such thing 
as “unfree water”—at least in any quantity—really exists in soils. To the 
writer, the presence of large amounts of “unfree water” seems highly specula- 


TABLE 10 

Pressure-extracted soil solutions^ with ^‘imfree water^* subtracted^ compared uith water-extracts 
of the same soUs (parts per million of water-free soil) 


SOIL 

NUUBCa 

CALCniM 

MAOKESniM 

poTAssnne 

NITRATE 

PHOSIHATE 

SUETATC 

SoU 

solution 

Water 

extract 

Soil 

solution 

Water 

extract 

Son 

solu¬ 

tion 

Water 

extract 

Son 

solu¬ 

tion 

Water 

extract 

Son 

solu¬ 

tion 

Water 

extract 

Son 

solu¬ 

tion 

Water 

extract 


p.p.m. 

p.pM. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p,p.m. 

p.p.m. 

p.p.m. 


p.p.m. 

p.p.m. 

7 

35 

83 

8 

20 

7 

27 

51 

66 

0.3 


23 

65 

8 

32 

50 

9 

16 

9 

35 

78 


0.4 


35 

76 

9 

26 

54 

5 

14 

4 

21 

25 

45 

0.2 


21 

46 

10 

53 

88 

15 

29 

12 

56 

73 


0.4 


26 

74 

11 

54 

78 

18 

29 

13 

62 

90 

123 

0.7 

50 

35 

79 

12 

19 

31 

12 

27 


18 

13 

11 

0.3 

4 


63 

14 

30 

44 

8 

29 


70 

82 

110 

0.4 

9 

22 

55 

Average.. 

35 

62 

11 

23 


41 

59 

95 


15 

27 

65 


* This figure may be in error. 


tive. The data has been figured both ways (see tables 10 and 11) and briefly 
discussed from each standpoint. The reader may choose as to the merits of 
each. 

Table 10 presents the comparative results, the “unfree water” (see table 
6) being taken into account and subtracted.® Figured in this way, approxi- 
matelv twice as much of each of the important nutrient ions, except potassium 
and phosphate, are foimd to be extracted by an excess of solvent as was 
dissolved in the “free water” of the soil solutions when the latter were secured 
from soils at near their optimum moisture content for plant production. The 
averages given at the bottom of table 10 show that in the case of calcium, 
35 p.p.m. are present in the soil solutions, while 62 p.p.m. are removed in the 
1:5 water extracts. In the case of magnesium the ratio is 11 to 23; for nitrate, 

** (Total moisture- 'unfree water”) X concentrations shown in table 7 = p. p. m. of dry 
soil. 
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S9 to 95; and for sulfate, 27 to 65. It is interesting in this connection to note 
that Hoagland, discussing results secured by the cryoscopic method on these 
same soils, writes (7, p. 391): 

If we use the free 2 dng point depressions as a basis, it appears that from 0.01 to 0.03 gm. 
of total solids is in solution for each 100 gm. of moist soil, while the total solids obtained by the 
1—5 extractions vary from 0.02 to 0.06 gm. per 100 gm. of soil. This means that not more than 

SO per cent could have originally been present in the soil solution.but usually 

the extracts would still give somewhat higher results. 

As Stated above, the calcium, magnesium, nitrate and sulfate comparisons 
(and these ions probably make up 85 to 90 per cent of the total inorganic solids) 
are in close agreement with these statements Unfortunately total solids 
were not determined on the 1:5 water extracts, so a direct comparison with 
Hoagland’s data is not possible. 

The amounts of potassium dissolved by the excess of solvent, on the other 
hand, are in all cases about five times as great as appear to be originally present 
in the soil solutions, the average ratio being 8.5 to 41 p.pjn. of diy soil. The 
reason for these greater amounts of potassium in the 1 :S extracts may possibly 
be found in the fact that these arid soils, potentially high in this dement in 
fairly available forms, readily furnish to the excess of solvent the additional 
potassium required to approach equilibrium under the altered conditions.^® 

Cameron and Bell (5) and Schreiner and Failyer (20) some years ago noted the fact that 
potassium (and phospborus) behaved differently from the other soil elements in so far as 
solution and reabsorption phenomena were concerned. By an ingenious electrical apparatus 
for the continuous extraction of the water-soluble inorganic constituents of soils, these 
investigators diowed the potassium of soil minerals to be especially soluble in pure water. 
By means of percolators, using both soil extracts and solutions of pure potassium salts, they 
were also able to demonstrate the absorption of large quantities of the potassium ion, and 
show that this absorptive power of soils tends largely to obscure the solvent eiSccts. Tlie 
latter investigators state: 

*‘The constancy of the removal of the absorbed potassium by water is even more striking 
than in the case of the phosphate and the conclusion that the true soil moisture is largely 
dependent on the absorptive power of the soil is well sustained by these results. The absorbed 
potassium is continually diffusing, and becoming directly accessible to plants.” 

It would appear &om the above data that lesser amounts of the potassium 
ion are present in true soil solutions than was formerly surmised, but that in 
highly productive soils, the al^ly rapidly to renew and constantly to maintain 
adequate concentrations of this dement obtains. 

The comparative data drown fetr the phosphate ion are of interest. The 
complerdly of phosphate fertilization has long been recognized. It is well 
known that a large excess of phosphates is necessary to maintain adequate 
ccmcentrations of this dement in most soils. 

We are dealing here mth solution and redistribution of the E-ion between soil and solvent 
Ihe colloidal sur&ce exposed for reabsorption in these arid soils is probably 
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Schloessing, Schreiner and Failyer and others have shown that solutions obtained by 
successive extractions of a soil with pure water have a phosphate-ion concentration which, 
after one or two extractions, is practically constant, and that, when the same soil has been 
allowed to absorb large quantities of soluble phosphate, subsequent to the first second 
leachings, the concentmtions thereafter yielded are constant and practically those given by the 
original soil with a far less phosphate content. Schreiner and Failyer (20) thus conclude: 
“that the concentration of the phosphate in the soil solution is practicaJly constant whether 
the soil contains a large or a small quantity of total phosphate, and that it is the absorptive 
power of the soil which controls this concentration in the free soil moisture. It follows that 
with change in the absorptive power of the soil, the concentration of the phosphate in the 
soil moisture would also change.** 

Cameron and Bell (5) have studied the efiects of water and aqueous solutions upon soil 
phosphates and they show that an increase in the salt concentration of the solvent tends to 
depress phosphate solubility. Especially do fairly coficentrated solutions of many of the lime 
salts notably decrease the amounts of phosphoric acid going into solution. 


TABLE U 

Soil solutions and water extracts of the same soils directly cofnpared on the basis of parts per 

million of water-free soil 


SOIL 

kitmbi:r 

CALCIUM 

MAGNFSIUM 

POTASSIUM 

NITRATE 

rHOSPHATE 

SULPATE 

Soil 

solution 

Water 

extract 

SoU 

solution 

Water 

extract 

Soil 

solu¬ 

tion 

Water 

extract 

Soil 

solu¬ 

tion 

Water 

extract 

Soil 

solu¬ 

tion 

Water 

extract 

Soil 

solu¬ 

tion 

Water 

extract 


p.p.m. 

p.p m. 

p.pM. 

p.p m. 

P>PM. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 


7 

SI 

83 

12 

20 

8 

27 

74 

66 

liicl 

9 

33 


8 

41 

50 

12 

16 

12 

35 

100 

90 

0.4 

14 

46 


9 

40 

54 

8 

14 

6 

21 

38 

45 

0.3 

4 

31 

46 

10 

82 

88 

23 1 

29 

19 

56 

112* 


0.6 

13 ! 

39 

74 

11 

80 

78 

27 

29 

20 

62 ! 

135 

123 

1.0 

50 

52 

79 

12 

25 

31 

15 

27 

4 

18 1 

15 i 

11 

0.3 

4 


63 

14 

46 j 

1 

44 

12 

29 

18 

70 

124 

• 

110 

0.4 


33 

55 

Average.. 

52 

62 

16 

23 

12 

41 

81 


0.5 

15 

39 

65 


* One or the other of these figures is apparently in error. They have been omitted 
from the averages. 


These facts should be borne in mind as we view the data recorded in table 
10. An average of about 35 times as much phosphate ion was removed from 
the soils by extracting with pure water, in the proportion of 1 part of soil to 
5 of water, as was present in the soil solutions expelled by direct pressure; 
i.e., less than one-half of one part per million (of dry soil) was present in the 
soil solutions, whereas about IS p.p.m. was removed on an average with the 
excess of solvent. Referring to table 7 we see that the concentration of phos¬ 
phate ion in the soil solutions themselves varied from 1.5 to 2.5 p.p.m. in 
most cases, while table 9 shows that the concentrations of the 1:5 extracts 
were not far from the same in p.p.m. of extract. Similar magnitudes are 
recorded by several investigators for the solubilities of natural tricaldum phos¬ 
phate and for other soil phosphates in pure water. 

Table 11 presents the same comparative data calculated directly to the dry- 
soil basis, on the assumption that there is no such thing as ‘^unfree water/^ 
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and tliat the moisture expressed simply represents fractions of uniform soil 
solutions, all portions of which function as true solvents, 

A study of table 11 indicates that the average amounts of magnesium, 
calcium and nitrate ions removed by the great excess of solvent are but slightly 
greater than those removed in the true soil solutions. 

These results are in direct accord with the recent findings of Parker (16), who shows that 
the concentrations of nitrate-nitrogen and of total soluble salts (figured on dry soil) are 
approximately the same, whether true soil solutions secured by alcohol displacement, or 1:5 
water extracts are analyzed. Hoagland, et al. (8) also give data which show but slight 
increases in the amounts of calcium, magnesium and nitrate obtained in 1:5 water extracts 
over those amounts secured by 1:1 extracts. They state (8, p. 388), 

“It is plausible to assume that this diluted soil solution would bring into solution princi¬ 
pally either ‘absorbed’ salts or easily soluble chemical compounds, originally derived from the 

more resistant minerals.This latter fraction of the soil extract would ordinarily 

form only a»small portion of the total dissolved material.” 

Much doubt, it would seem to the writer, is cast on the ‘^unfree-water” idea 
by the fact that only about one-half of the nitrate ion is shown to be dissolved 
in the soil solutions of table 10 (after subtracting the ‘^unfree water”), while 
numerous data are extant showing that absorption of nitrates by soils is prac- 
dcally a negative quantity. Potassium ion stands in the ratio of about 1 in 
the soil solutions to 3| in the extracts, while phosphate ion differs but slightly 
from the values shown in table 10. A possible explanation for the peculiar 
conduct of these two ions has already been advanced: i.e., the adsorbed potas¬ 
sium of soils being readily dissolved in an excess of solvent, and the sparingly 
soluble phosphates readily forming a saturated solution as the proportion of 
solvent is increased. Hoagland (8) has reported similar data. 

The concentration of the sulfate ion is also greater in the water-extracts, 
the ratio being about 1 to 1.7. Any explanation of this fact would be purely 
speculative. It should be remembered, however, that the amounts of the 
several ions found by the analysis of these aqueous solutions are the resultants 
established between the processes of solution on the one hand and those of 
reabsorption on the other; i.e., they represent an approximate distribution 
equilibrium of solute between the soil and the solvit (17). 

SUMMARY 

The importance of more extended knowledge concerning the concentration 
and composition of the soil solution as it exists in soils at ordinary moisture 
contents is admitted by all students of our science. The present paper de¬ 
scribes a direct-pressure method for securing sufficient quantities of this liquid 
phase of soils for anal 3 rtical purposes. It presents a quantitative chemical 
study of such solutions, and finally, it compares these results with similar 
data from the same soils, obtained by the 1:5 water extraction method. 

A somewhat detailed description of the apparatus is given. This consisted 
of properly constructed presses for holding the soils, while heavy testing 
machines supplied the required pressures. 
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The soils employed were fine sandy loams and came from different parts of 
California. Portions of these same soils had previously been used by Hoag- 
land and Stewart in vegetation and soil-extract work (see references). 

Preliminary experiments demonstrated that the pressures used had no 
measurable effect on soil solubility as shown by various tests made on different 
fractions of soil solution, secured at increasing pressures; also that there was 
no appreciable fining or abrasion of the soil particles due to the pressures 
applied. 

From eight soils, moistened to but 50 per cent of their total moisture-hold¬ 
ing capacities, over 60 per cent of the water was extracted in five cases, over 
52 per crait in two cases, and about 45 per cent in the final instance. Very 
little solution was secured from any of these soils above 10,000 pounds pres¬ 
sure per square inch. 

Analytical data, showing the chemical composition of the soil solutions, are 
submitted. This work involved determinations of Ca, Mg, K, NOj, PO 4 and 
SO4 ions, beades total solids, conductivity measurements and hydrogen-ion 
determinations. 

Similar data are given for 1:5 water extracts of the same soils, 

A comparison between soil solutions and 1:5 aqueous extracts is made, 
discussing the results from two points of view: First, subtracting the so-called 
“unfree water” in computing the concentrations of the several ions found in 
the soil solutions; and second, considering that all of the water in soils is free 
to act as a true solvent. Pa the light of the data submitted, the latter seems 
more tenable to the writer. 

The important facts brought out by the above comparisons may be briefly 
summarized as follows: Where the “unfree water” is subtracted, about twice 
as much calcium, magnesium, nitrate and sulfate is removed in 1:5 water 
extracts as is found in the soil solutions. The potassium-ion determinafions 
show the extracts to carry, on an average, five times as much as is dissolved 
in the soil solutions. In the case of phosphates, approximately 35 times as 
much is removed by the excess of solvent. Where we do not subtract “unfree 
water,” but consider that all of the soil moisture is capable of uniformly dis¬ 
solving soil materials, we find that the average amounts of calcium, magnedum 
and nitrate dissolved and removed are practically equivalent by 4 e two 
methods, while about 3.5 times as much potassium and 1.7 times as much sul¬ 
fate are removed by the 1:5 extraction method. The phosphate ion is still 
dissolved in large quantities (over 30 times as much) by the excess of solvent. 

A definite relationship is drown to exist between the conductivity measure¬ 
ments of soil solutions and of 1:5 water extracts of the same soils. These 
comparative data are also in dose agreemmt with the known productivity of 
the several soils examined. 

All of the soil solutions are practically neutral, while the hydrogen-ion 
concentrations of the soils themsdves vary from pH 6.5 to 7.4. 
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Brief mention is made of certain experiments wherein the oil-pressure method 
was found to be of questionable value (at least with Hawaiian soils) for 
securing satisfactory quantities of a uniform soil solution, 
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A NOTE ON OXIDATION OF SULFUR IN OREGON SOILS» 

J. S. JOFFE AND H. C. McLEAN 
New Jersey Agrieidiiirdl Expmment Stations 
SecdTed for pnblicatioa Fdbraaty 17,1921 

As outlined elsewhere (1,2) the sulfur transformations in soils consists in 
oxidation of sulfides, sulfites and elementary sulfur to sulfates. Since sulfides 
have to go through the sulfur stage, a study of sulfur oxidation naturally 
includes sulfide oxidations. The soil is the medium of these reactions. Their 
successful accomplishment depends, therefore, upon the fitness of the soil for 
the proper functioning of the organisms. Since soils in close proximity may 
vary in composition, texture, drainage, temperature, reaction, etc.; these con¬ 
ditions determine for each soil a certain capacity to oxidize sulfur. Some of 
these features have been studied before, as may be seen from the publications 
referred to (1,2), but the relation of capacity of soils to adjust their reaction to 
changes in intensity of acidity due to sulfur oxidation, the capacity to absorb 
or adsorb the acids formed, the differences in oxidation from inoculated and 
uninoculated has not been dealt anywhere. 

The experiments reported below were imdertaken to investigate these fea¬ 
tures on a series of 8 Oregon soils. Th^e soils axe known for their response 
to sulfur treatments with consequent increases in alfalfa yields, the inaeases 
varying from 35 to 500 per cent. 

The soils here described were obtained from the Oregon Experiment Station 
through the courtesy of Dr. Reimer, who describes these soils in Bulletin 163 
of the Oregon Agricultural Experiment Station (4) in connection with the use 
of sulfur as a fertilizer for alfalfa: 

1. Agate gravelly loam. A red, day loam underlaid with an impervious hard pan. The 
surface soil contains 0.024 per cent of sulfur. Sulfur applications proved very beneficial, 

2. Tolo loam. Typical red, foothill day loam, underlaid with a tenadous yellow clay. 
Sulfur applications was slightly beneficial. 

3. Medford loam. A deep brown fertile silt loam; the soil contains ,036 per cent of sulfur; 
best alfalfa soil in Rogue River Valley; no benefits from sulfur applications. 

4. Antelope day adobe. Heavy black adobe soil of a very sticky nature, deep and well 
drained; the sulfur content is 0.02 per cent. Sulfur application increased the yield as high as 
lOpO per cent. 

5. Phoenix day adobe. Heaviest adobe, contains 63 per cent of day and 21 per cent of 
silt; the sulfur content is 0 021 per cent; iron sulfate had no effect on yields. 


^Paper No. 83 of the Journal Series New Jersey Agricultural Experiment Station, Depart¬ 
ment of Soil Chemistry and Bacteriology. This paper wiU appear in Rutgers Coixjege 
Studies, vol. 1. 
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6. Barren coarse sand. Coarse granite of considerable depth; the sulfur content is 0.028 
per cent; sulfur applications proved beneficial. 

7. Anderson clay loam. Deep, black fertile clay loam of alluvial origin. No response 
to sulfur applications. 

8. Salem day loam. Deep fertile clay loam, contains 21 per cent of day and 40 per cent 
of silt; the sulfur content is 0.027 per cent; sulfur applications increased the jdeld as high 
as 500 per cent. 

EXPERIMENT 1 

One-hundred-gram portions of these soils were distributed in tumblers, 
100 mgm. of sulfur® was added to each one and sufiBicient water to make up the 
moisture optimum for each particular soil. Two series were prepared in one 
inoculated sulfur was used, in the other uninoculated.® Table 1 gives the 
results of the experiment. 

TABLE 1 


Course of reaction and mnoiint of sulfur oxidized 
Sulfur application, 2000 pounds per acre 



RE- 

AcnoN 

OF 

ORlOl- 

INOCULATED SULTUR 

UNINOCULATED SULFUR 

som 

After IS days* 
incubation 

After 32 days* 
incubation 

After IS days* 
incubation 

After 32 days* 
incubation 


NAL 

son. 

Reac¬ 

tion 

Sulfur 

oxidized in 100 
gm. of soil 

Reac¬ 

tion 

Sulfur 

oxidized in 100 
gm. of soil 

Reac¬ 

tion 

Sulfur 

oxidized m 100 
gm. of soil 

Reac¬ 

tion 

Sulfur 

oxidized in 100 
gm. of soil 


pn 

pH 

mgm. 

pE 

mgm. 

PE 

mgm. 

pE 

mgm. 

1 

(5.2 

6.2 

10.39 

5.1 

43.95 

6.2 

6.01 

5.2 

30,09 

2 

6.2 

6.0 

37.98 

5.8 

58.25 

6.0 

32.73 

5.8 

60.99 

3 

6.2 

6.0 

23,68 

5.2 

61.52 



5.2 

56.06 

4 

6.4 

6.0 

8.48 

5.2 

41.39 

6.4 

8.2 

S.4 

31.17 

5 

6.4 

6.0 

24.61 

5.8 

44.2 

6.4 

5.47 


Z^.ll 

6 

6.0 

5.2 

33.15 

4,4 

54.75 

6.0 

23.85 

4.4 

56.94 

7 


5.4 

34.74 

5.4 

64.26 

5.8 

31.18 

5.6 

43.33 

8 



19.14 

5.4 

56,83 

6 0 

22.7 

5.2 

63.18 


The first striking feature of tie data is the specificity of each soil as a 
medium for the sulfur oxidizing flora, i.c., the inherent sulfur-oxidizing capacity 
of the soil It will be noticed that soil 4, after 15 and 32 days of incubation, 
oxidized less sulfur than any other soil. The next lowest in sulfur oxidizing 
capacity was soil 1. An examination of the physical character of these two 
soils will show that they are heavy in texture and consequently not well aerated. 
This condition, is indispensable for eflSlcient sulfur oxidation. These soils, 
however as reported by Reimer and Tartar (4), have responded favorably to 

* The sulfur added was calculated to be equivalent to 2000 pounds per acre of 2,000,000 
pounds of soil. 

•Through an error, the uninoculated soils were stirred with the same spatulae as the 
inoculated soils on the tenth day of incubation. Due to lock of material the experiment 
could not be repeated at this point. 
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sulfur treatment, with increases in crop production as high as 1000 per cent. 
Reimer was fully justified in recommending that the sulfur be applied far in 
advance of the growing season. Such a practice develops an active sulfur 
oxidizing flora which has to adjust itself to the adverse conditions of aeratiAn. 
In speaking of sulfur as a fertilizer it has been mentioned that as yet the 
economy of sulfur metabolism by plants is not establidxed. It is possible that 
large quantities of sulfates have to come into immediate contact with the roots 
before they can absorb the little sulfur the plant needs. From this standpoint, 
it is desirable to get as active oxidation as possible. The abundance of sulfates 
formed in the advanced periods of incubation will sujQfice for both leaching and 
crop uses. It is of interest to note that after IS days of incubation the soils 
which did not respond so well to sulfur applications oxidized more sulfur than 
those that did benefit by its application. This was also true after 32 days of 
incubation. The only explanation that may be offered is that the soils not 
deficient in sulfur are perhaps in a better ph 3 rsical condition, as it may be 
inferred from the descriptions. 

Another interesting feature is the capacity of these particular soils to neu¬ 
tralize, absorb and adsorb the acid formed. The buffer content of these soils 
seems to be fairly high. Especially is this true with the heavy soils. The 
record of the hydrogen-ion concentration measurements may serve as an index 
of the buffers present. It will be noticed that after 15 days of incubation the 
change in the pH values was only slight, althou^ as high as 37.98 per cent of 
the sulfur was oxidized in soil 2. Since the application of sulfur was on the 
basis of 2000 pounds per acre it is dear that some soils will tolerate and benefit 
by unusually large applications of sulfur and not be injured even if there is a 
suffident balance of this essential element in the particular soiL Soil 3 may 
serve as an illustration. According to Reimer and Tartar (4), this is one of the 
best alfalfa soils in Rogue River Vallqi’, It is wdl supplied with sulfur in the 
proper form and sulfur applications did not increase the 3 deild of alfalfa. But 
data show that in 15 days 23.68 per cent or 473 pounds of sulfur, was oxidized 
and still the reaction changed but slightly. Soil 7 oxidized dose to 700 pounds 
of sulfur per acre in IS daj^, but its buffer power is not as hi^ as that of soil 
3 and the reaction went down to a pH 5.4. This would indicate that for this 
soil a 700 pound application would be somewhat too much; from the 
values and the amount of sulfur oxidized one may easily predict the amount of 
sulfur it is safe to apply to any of the Oregon soil studied. The same criterion 
may be applied to every soil that is poor in sulfur. Soil 6 was a sandy soil 
having a very little buffering rffect and naturally showed addity at high applica¬ 
tions of sulfur, although it did respond to small applications of sulfur as pointed 
out by Reimer. After 15 days it oxidized over 660 pounds of sulfur and the 
pH was 5.2, which is not a favorable reaction for the best growth of alfalfii. 
In such cases a heavy application of sulfur will show harmful effects, although 
a judicious application would undoubtedly be beneficial, as in the case of soil 6. 
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The third feature of this experiment is the difference in the speed of oxidation 
of sulfur in the inoculated and uninoculated soils. As pointed out the experi¬ 
ment could not be carried out as it was planned: the uninoculated soils were 
subject to inoculation after ten da 3 rs. Still the differences are striking. In 
most cases the inoculate txxmblers showed greater sulfur oxidation. Of especial 
interest is soil S, the inoculated series of this soil oxidized in the first 15 days 
nearly five times as much sulfur as the uninoculated. The practical inference 
is that inoculated sulfur may be applied later and thus prevent losses by leach¬ 
ing. Moreover smaller amounts may be applied. This corroborates the results 
of Martin (3). It may be of interest to note that after a more prolonged 
incubation period nearly all the sulfur was oxidized and the reacton of the first 
five soils did not go below pH S.O; soils 4 and 5 had a pH 5.4. This 
indicates the enormous capacity of these soils to oxidize sulfur and still main¬ 
tain a reaction which wiU not inhibit growth, even of alfalfa. 

TABLE 2 

Course of reacHon and amount of sulfur ooMized 
Sulfur application, 250 pounds 


PERIOD OP INCUBATION 


SOIL NUMBER 

15 days 

30 days 

45 days 

60 dasrs 

Reaction 

Sulfur oxidized 



pH 

pH 

pH 

per cent 

1 

6.2 

6.0 

6.0 

6.0 

72.5 

2 

6.2 

6.2 

6.0 

6.2 

81.6 

3 

6.2 

6.0 

6.2 

6.0 

84.2 

4 

6.2 

6.2 

6.2 

6.0 

71.4 

5 

6.4 

6.2 

6.2 

6.2 

74.9 

6 

5.8 

5.6 

5.6 

5.3 

86.3 

7 

6.0 

5.8 

5.8 

5.8 

87.2 

8 

6.2 

6.0 

6.0 

6.0 

82.3 


EXPERIMENT 2 

To further test the buffer capacity of these soils, the following experiment was 
carried out. The same procedtire was used as in the first experiment. Only 
inoculated sulfur was used in this experiment. Sulfur was applied at the rate 
of 250 pounds per acre. Table 2 of the pH values shows that after a period of 
60 days practically no change in the hydrogen-ion concentration took place. 
Every soil except soil 6 accomodated this amount very much to its advantage 
and enriched its sulfur resources. To see if the sulfur was oxidized, sulfates 
were determined after 60 days incubation and 70 to 80 per cent of the sulfur 
appeared as sulfates. Some sulfur was perhaps adsorbed as sulfates or in some 
other form. The data given in table 2 show that more thaj^ 250 pounds of 
sulfur may be applied to the soils studied without imparting a reaction inhibi¬ 
tory to the successful growth of alfalfa. 
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SUMMARY 

1. Tie suKur oxidizing capacity of 8 Oregon soils was investigated. It was 
apparent that the soils ol a low sulfur oxidizing capacity diould receive the 
sulfur application in advance of the growing season. 

2. The buffer action of these soils was measured by the changes in the hydro¬ 
gen-ion concentration of the soil extract. It was found that most of the soils 
investigated did not materially change in reaction after having oxidized most 
of the 250 pounds of suKur used, thus indicating that demental sulfur may be 
applied as a fertilizer to these soils without danger of injuring crop production 
due to the acidity of sulfuric acid formed. 

3. Comparisons of inoculated and uninoculated sulfur show that the former 
is more effective. 
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THE POTENTIAL ACIDITY OF SOILS 

OLOFARRHENIUS^ 

University of California 
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Since Bjcmim (5) in his first two papers in a series on the causes of actual 
and potential^ acidity of soils pointed out the great theoretical value of the 
knowledge of these properties, very few have worked on this subject. 

The author, when investigating these soil characters, especially on some 
Oriental soils (1, 3, 4) found results which may be of both theoretical and 
practical value. 

Chiefly, there are two different methods for measuring hydrogen-ion con¬ 
centration, viz., electrometric and colorimetric. All measurements in this 
work are made according to the colorimetric method as modified by Gillespie 
(8). The accuracy of this method to tiie first decimal is quite sufficient for 
soil investigations where the deviations are so great, and it is so convenient 
that it can be used under conditions where no laboratory equipment is 
available. 

The hydrogen-ion concentration was measured in soil extract made up as 
follows: 

Ten grams natural moist soil were shaken with 50 gm. distilled water and then left to settle. 
The next day the extract was filtered and the pH value of the filtrate was determined. By 
this method there was introduced a source of error, viz., the probable change in the pH value 
of the soil solution when diluted. Sharp and Hoagland (14), however, give experimental 
data for the correctness of this method when not too large amounts of water are used. 

The potential acidity in the following experiments was measured as follows: 

In a series of flasks, usually nine, 5.00 gm. soil was introduced into each and then 10,5,2 
and 1 cc. of al>out 0.1 N acid, or the same amounts of alkali was added, except in the case of 
the check, and the solution made up to 20 cc. with distilled water. The flasks were then 
corked, shaken for a time and left to settle. The wliolc procedure lakes one day. After 
filtering, the pTI values were determined colorimetricaUy in the filtrate. The amount of acid 
or alkali added is calculated in cc. of 0.1 N solution per gram of dried soil 100** C, 

Sometimes stored soils Imvc been used for hydrogen-ion concentration in¬ 
vestigations and in order to determine the influence of drying on both the 
actual and potential acidity, the following experiment was carried out. 

1 Most of the work reported here has been carried out in the soils and bacteriobgy laboratory 
of the University of California. The author wishes to take this opportunity to thank Pro¬ 
fessors C. B. Lipman, W. F. Gericke, A. R. Davis, and D. R. Hoagland for their kind help 
and advice. 

^ Here actual acidity means the same as hydrogen-ion concentration. Potential acidity 
means the changes in actual acidity obtained when acids or alkalies are added. 

223 



224 


OLOP AELRHENIUS 


A humus-rich soil was put into four different beakers. One was covered with a glass 
and kept in the dark and at constant temperature; one was dried at room temperature 
(varying between 15® and 20®C.); one was dried at 100®C. and one at 150®C. After 14 days, 
the titration curves were made. Results are shown in table 1. From this it is seen that 
within the experimental error the results arc quite congruent and the different treatment did 
not influence the acidity of the soil. 


TAl^LE 1 

The injlnence of drying on soil acidity 


KIND OF SOIL 


TREATTD WITBC 

0 1 N HaSOi 

TRLATED WUH 0.1 iV' KaOH 

A. Natural moist soil.| 

cc. 

2.50^ 

1.2$ 

0.50 

0.25 

0.00 

0.13 

0.26 

0.65 

1.2 

pH 

4.3 

5.2 

6.2 

7.0 

7.2 

7.3 

7.3 

7.4 

8.0 

B. Air dried 15-20‘’C.| 

cc. 

pH 

2.62 

4.0 

1.51 

4.8 

0.52 

6.3 

0.26 

7.0 

0.00 

7.2 

0.13 

7.2 

0.27 

1.Z 

0.67 

7.4 

1.33 

8.0 

C. Steam dried 100°.| 

cc. 

pH 

2.60 

4.1 

2.30 

5.3 

0.52 

6.3 

0.26 

7.0 

0.00 

7.2 

0.13 

7.3 

0.27 

7.3 

0.66 

7.4 

1.33 

8.0 

r». Heat dried ISO®.| 

cc. 

pH 

2.50 

4.3 

1.25 

5.3 

0.50 

6.3 

0.25 

7.0 

0.00 

7.2 

0.13 

7.3 

0.26 

7.3 

0.64 

7.4 

1.27 

8.0 


* In this, as well as tables 2 and 5-9, figures in italics show the amount of acid or alkali 
which has been added to the soil while the regular type shows the resulting reaction. 


TABLE 2 

The influence of different acids and alkalies on soil reaction 


ACID ADDED 


TREATED WITH 0 IN ACW 

ALKALI ADDED 


TREATED WITA 0 1 iV ALKALI 

A. .1 


2.42 

1.21 

0.48 

0.24 

NaOH 

CC. 


0.12 

0.25 

0.61 

1.22 


3.1 

4.1 


6.2 


pH 


7.4 

7.8 

8.4 


B. HQ.1 

cc. 

0.43 

0.22 

0.11 

0.05 

KOH 

cc. 


0.04 

0.08 

0.17 


pH 

5,7 

6.3 

6.6 

6.8 


pH 


7.4 

7.6 


8.5 

C. HNO..1 

CC, 

0.32 


0.08 

0.05 

HJSrOH 

cc. 

0.00 

0.05 

0.08 

0.16 

0.32 

pH 

0.9 

6.3 

6,7 

6.9 


pH 


7.2 

7,5 

7.8 

8.1 

D. CHiCCX)H.. 

cc. 

0.35 

0.18 

0.09 

0.05 

Ba(OH), 

cc 

Wm 

0.05 

0.06 

0.20 

0.41 

pH 


5.5 

5.9 

6,9 


pH 

7.0 

7.4 

7.6 

8.0 

8.5 

After 3 days. 

pH 

(S.6) 


(6.0) 



pH 







A short storage, therefore, as for transportation etc., does not interfere 
with the work, but one must be very careful with soils stored for a long time.* 
Another objection is that one may obtain different results when using differ¬ 
ent acids or alkalies. In order to control tWs the titrations were made in 

• In the case of the Java or Egyptian soils, where stored soila also were employed in the 
work, tests with the fresh field soil gave the same results as the stored ones. 
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four series, using H 2 SO 1 , HCl, HNO 3 and CHiCOOH, as adds, and NaOH, 
K.OH, NH 4 OH and Ba (OH )2 for the alkalies. The results of these tests are 
given in table 2, which shows that within the limits of esperimental error, 
equivalent amounts of add or alkali caused equal changes except in the case 
of acetic add which gave a higher addity in iJie filtrate. But when the soil 
is left in contact with the acetic add for a period of three days, the sarne 
results are obtained because of the low dissociation of the acetic add and thus 
lower rate of action. 

Before discussing the importance of the potential addity, a short review must 
be given of the influence of hydrogen-ion concentration on most cultivated 
plants. 

When the pH value is over 9 or under 4, growth is inhibited so that only a 
few spedes are able to grow there without being severely injured. 

Such results were obtained in culture e:q)eriments by Hoagland (10) and 
others (13). As all these workers have made their experiments with either 
solution or sand cultures and as the conditions in these media probably are not 
quite natural, the author undertook a similar work with soil. 

The soil employed is garden soil from Java (table 7). Eight pots were 
filled with this soil and they were treated with different amounts of add and 
alkali so that a series of soils was obtained whose pH values were whole numbers 
and ranged from 3 to 10. Table 3 shows the effect of this treatment on 
germination, stand after 2 months, average leaf surface after 14 days and 2 
months, and the total leaf surface after 2 months. These results show a 
dose resemblance to those obtained either in sand or in water cultures. It is 
evident that the optimmn hydrogen-ion concentration for all plants inves¬ 
tigated lies within a wide range. 

Within this optimum range, we find a mass of irregularities in the growth 
of plants which depend upon the influence of the actual addity. 

The bacterial flora (7) of the soil plays a very great r61e in the nutrition 
balance and life of higher plants. So, for instance, we have the different 
nitrifying bacteria working in different pH zones. 

Some of the plant pathogenes* spend a part of their life cyde m the soil and 
are dependent on the hydrogen-ion concentration of the substrata; others are 
not, a.s ib easily seen from table 4. 

Probably the fauna of the soil also is strongly influenced by this factor as 
has been shown for earthworms (2). 

The solubility of different salts is also dependent on the degree of addity of 
the soil solution. For instance, iron phosphate and aluminum phosphate are 
predpitated at a pH value of 3 to 5. The same thing happens with other 
phosphates and caldum and magnesium salts, as is seen from the titrations 
by Hildebrand (9). In the case of aluminum salts a large amount of these in 
solution may cause a poisoning of plants, as is shown for rye and rice. 

‘ The strains were kindly furnished by Prof. Home, TJniv. of Cal. 
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TABLE 3 

The influence cf soil acidity on plant growth 


son. 

lUCACIION 

RATE OF 
OERMINAXION 

^GE&lOKATIOl^ 

IIVE PLANTS 
AITER 

2 MONTHS 

AVERAGE LEAF STTRFACE 

TOTAL 

RELATIVE LEAF 
SXmFACE AFTER 
2 MONTHS 

14 days 

2 months 

Bersim 

PB 


psr cent 

per cent 




3 

0.06 

IS 

0 

0 

0 

0 

4 

0.20 

47 

25 

1.7 

2.8 

0.35 

5 

0.20 

60 

51 

2.9 

7.2 

2.2 

6 

0.32 

62 

55 

4.8 

4.7 

1.6 

1 

0.42 

75 

78 

6.8 

7.1 

4.2 

8 

0.47 

82 

71 

8.3 

11.2 

6.5 

9 

0.66 

100 

73 

8.5 

6.6 

4.9 

10 

0.25 

57 

SO 

7.6 

2.7 

0.75 


Barley 


3 

MM 

65 

72 

21 

39 

18.3 

4 


95 

71 

27 

36 

24.1 

5 

mSM 

97 

66 

29 

53 

33.4 

6 

0.29 

95 

100 

29 

63 

59.8 

7 

0.25 

100 

90 

30 

67 

60.3 

8 

0.31 

97 

74 

34 

65 

46.8 

9 

0.31 

100 

93 

32 

80 

74.4 

10 

0.26 

100 

54 

30 

38 

20,5 


Com 


3 

KB 

67 

100 

24 

41 

31.6 

4 

BIB 

95 

100 

28 

65 

61.7 

5 

BIB 

95 

98 

26 

56 

S2.0 

6 

BIB 

93 

98 

33 

79 

71.0 

7 

mlM 

100 

98 

31 

S3 

SI .9 

8 


95 

100 

40 

56 

S3.2 

9 

0.24 

100 

100 

44 

58 

58.0 

10 

0.25 

100 

98 

54 

67 

<SS.7 


Cotton 


3 


50 

57 

22 

17 

4.6 

4 

■n 

62 

86 

41 

67 

34.8 

5 

0.20 

72 

91 

82 

68 

44.2 

6 

0.18 

82 

94 

83 

75 

56.2 

7 

0.23 

82 

88 

82 

71 

51.1 

8 

0.23 

85 

98 

74 

SO 

41.5 

9 

0.19 

75 

90 

101 

79 

53.6 

10 

0.18 

82 

76 

4 

24 

14.9 
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TABLE S-^ontinued 


son. 

REA< TXON 

RATO 07 
GERMINATION 

OrRMTNATlON 

1IVE7IANTS 

ATTER 

2 MONTHS 

AVERAGE LEAT SDRTACE 

TOTAL 

RELATIVE LEAP 
SURPACE ATTER 
2MONTSS 

14 days 

2 months 

Wheat 

m 

■H 

per cent 

percent 




3 


17 

100 

11 

26 

3.4 

4 

msm 

37 

87 

12 

24 

7.6 

5 

0.24 

52 

94 

33 

63 

30.5 

6 

0.28 

55 

100 

28 

53 

29.0 

7 

0.28 

72 

91 

25 

50 

32.8 

8 

0.29 

72 

88 

47 

80 

50.4 

9 

0.35 

70 

70 

SO 

86 

41.0 

10 

0.17 

42 

100 

7 

27 

11.0 


When working with different tropical and subtropical soils the author found 
a very good correlation in some cases between the fertility of the soil and the 
titration curve. When the soils showed a strong buffer effect,® th^ were of 
good fertility; when they acted as weak buffers, their fertility was poor, (see 
tables 5-8). 

Table 5 represent 16 tobacco soils from Sumatra. The rest are grouped 
around the four here given. Those acting as good buffers and more aHfalir.^ 
than pH 7 are resistant against the tobacco-wilt disease (Slijmziekte, Bact. 
solanacearum). The weak buffer soUs, and those more add than pH 7, 
however, are often devastated by this disease. In the weak buffer soils, the 
reaction is easily changed into the optimum ffdd of bacterial growth. 

The investigations of 20 rice soils (4) from Java are represented by two soils 
(in table 6), Soerc and Rimboelor. Here we find the same conditions as in 
the former case, probably we have to deal with a weakening of the rice plant 
and possibly with the effect of aluminum. Of great interest is that these 
two soils are from the same district and of the same origin, but afterwards 


TABLE 4 

Influence of hydrogen4on concentration on viaHliiy of plant palhogenes 


IHDBX 07 VIABILTXY AT DZ77CS£NT 
SOU. RlSACnONS 


XAMC 01 OROAtTlbM 






PH 

PH 


pH 

10 

Bacterium dtriputcale. 

II 

2 

8 

m 

10 

10 

5 

Botrytis cinerea (potatoes). 


8 

7 

S 

4 

3 

2 

Pythium sp. (potatoes). 


mm 



10 

5 

10 

Sderotium rolfsii (Iris). 

8 

8 


9 

10 

■Dl 

10 

Polystictum versicolor. 

Kl 

10 


10 

10 

6 

6 

Bact. solanacearum (tobacco). 

0 

5 


6 

H 




* By buffer effect is meant the ability to take up adds or alkalies without or but di^tly 
changing the actual acidity* 
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dijBFereiitiateci by several factors. In the same table we find the result of a 
titration of a humus-rich garden soil and of a volcanic ash, taken fresh and 
stored for two years. It may be of interest to compare this young soil with 
the relatively old Demak soils. 

The titration curves of some Egyptian (1) soils are found in table 7. Of 
these the Damanhour soil is exceedhigly unfertile, the Nile suspension and the 


TABLE S 

Effect of addition of acid or alkali upon the hydrogen-don coftcentration of tobacco soils (Sumatra) 


SOIL 

mm 

1 TREATCD WITH I 


TREATED WITH 


■H 

OliVHsSOi 



0 1 N NaOH 


Kaloean Penang Black, good.. 

cc. 

2,80 

1.40 

0.56 

0.28 

0.00 

0.29 

0.58 

1.46 

2.92 

pH 

4.0 

|5.0 

7.0 

7.2 

7.2 

7.4 

7.6 

8.4 

9.5 

Songei Mentjirim Black, bad.. 

cc. 

2.49 

1.25 

0.50 

0.25 

0 00 

0.26 

0.52 

1.30 

2.59 

pH 

2.5 

3.5 

4.5 

5.5 

7.0 

7.5 

8.0 

>8.0 

>8.0 

Toentongan Black, good.| 

cc. 

2.55 

1.28 

0.51 

0.26 

0.00 

0.27 

0.53 

1 33 

2.66 

pH 

4.0 

5.0 

6.0 

6.8 

7.0 

7.2 

7.5 

8.0 

>8.0 

Toentongan Bed, bad.| 

CCm 

pH 

2.41 

2.0 

1.20\ 
3 0 

0.42 
4 0 

0 24 
5 0 

0.00 

6.7 

0.25 

7.2 

0 50 
8 0 

1 25 
>8 0 

2.50 

>8.0 


> This sign indicates “more than.” 

TABLE 6 

Effect of addition of acid or alkali upon the hydrogendon concentration of Java soils 


SOIL 


1 TREATED wrra 

oiivna 

1 TREATED WITS 0.1 W NaOH 

Rimboelor Demak, good.| 

cc. 

pH 

\ 2.33 

6.5 

\1.17 

r .2 

1 

o.4r 

1.1 

0.23 

7.8 

0.00 

7.8 

0.14 

1.9 

0.27 

8.1 

0.68 

9.0 

1.37 

10.0 

Soere Demak, bad.| 

cc. 

pH 

2.44 

3,8 


0.49 

6.5 

0.24 

6.7 

1 

0.14 

7.2 

0.28 

7.4 

0.71 

8.8 

1.42 

9.8 

Garden soil Buitenzoig, good.| 

CC. 

pH 

4.8 

4.5 

4.24 

6.5 

2.94 

6.8 

2,12 

7.0 

i 

0.84 

7.2 

0.42 

7.3 

0.00 

7.3 

1.24 

8,8 

0.24 

7.6 

1.68 

9.5 

O.SO 

7.9 

2.48 

11.0 

Volcanic ash. Eediri.| 

ee. 

. pH 

2.12 

2.6 

1.06 

3.5 

I 

0.20 

4.5 

n 

0.12 

9.5 

1 

1 

j 



garden soil, however, are very fertile. In this case we see that the pH value 
of the D amanh our soil lies on the alkaline side of the growth Imdt. The 
sand is a soil type which is easily reclaimed, but also very easily destroyed by 
alkali Also in these soils we see the same thing as in the case of the volcanic 
ash and the Demak soils. The Nile suspension has a comparatively weak 
buffer action when compared with the old garden soil and Damanhour soil. 
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Among the California soils the strongest buffer effect was diown by the 
garden soiL 

The soils 1,3 and 6 (used by Stewart (IS)) are of the same soil type andPshow 
sinular titration curves, whereas number 7 is of another type; here, however, 
3 and 7 arc bad and 1 and 6 good. In this case the pH value is at the neutral 
point and apparently the changes in reaction caused by the plants do not form 
any unfavorable conditions, whereas other factors, as the amounts of nutrients 
present are the chief factors of growth. 

Of great interest are the soils from Ignacio near San Francisco. One of the 
samples, an extremely acid subsoil, probably represents the soil type before 
being worked and limed. The unlimed soil is thorou^y worked, but not 
limed and is now jdelding a poor crop of beets; on the same field a part was 
limed resulting in an exceedingly good crop. The value of the soils is quite in 


TABLE 7 

Effect of addition <ff acid or dkali vpon the hydrogendon concentration ef Egyptian soils 


soiiusia) 

. 


Garden soil Giza, good.| 

cc. 

pH 

Damanhour, soil, bad.| 

CC, 

pH 

Nile Suspension, Cairo.| 

cc. 


pH 

Sand El-Munaycr.| 

cc, 

pH 


TRrATTI) WITH 

0 127 HCl 

XRtATED wrraO 

l27NaOH 

3 17 

1,98 

0,75 

0 00 

0.29 

1.02 

2,08 


7.2 

7.4 

7.5 

7.6 

8.0 

9.5 

11.0 


0.00 

0,31 

0.72 

1.15 

1,56 

2.15 

3.71 

5.4 

11.00 

lO.O 

9.0 

8.7 

8.4 

8.1 

7.6 

1,3 

1.77 

0.93 

0.11 

0.44 

0.20 

0.00 

0.23 

0.47 

3.0 

6.5 

7.0 

7.2 

7.4 

7.4 

7.5 

7.8 

0,29 

0.00 

0.20 

0.32 

0.76 


1.25 

1.94 

4.0 

7.0 

7.4 

7.8 

11 


9.2 

10.5 


accordance with what has been said above on the correspondence between 
titration curve and soil fertility. 

From the tables one secs tliat there is a correlation between the buffer 
action and the fertility of the soil. If the actual addity of a soil lies within 
certain limits the buffer action of the soil is of great importance, so that strong 
buffer action is a good property; weak, a bad property. This action, however, 
is an indirect one. All soils are in a developing phase. The vegetation plays 
a great r61e on the one hand through the decomposing plant debris and root 
excretions and on the other hand through substances formed by the decomposi¬ 
tion such as carbonic acid, etc. In arid climates the soil is more mfluenced by 
the formation of alkaline substances. 

If there is, for instance, an acidifying process going on in the soil we may 
look at the process as a sort of a titration with an add. A certain amount of 
add substances is given off by the plant and in some soils we see a strong 
change caused by this action, in others the diange is perhaps scarcely visible. 
The latter soils are the strong buffers, tlic former, weak. In this way the soil 
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reaction of the weak buffer soils is more easOy changed to a range which is in 
some way injurious to the plant, than in the case with those having a strong 
buffer effect. Then the question arises how to improve the buffer'effect of 
soil. 

TABLE 8 

Effect of addition of acid or alkali upon the liydrogen4on concentration of California soils 


SOIL USED 


TREATED WITH 

0 liV“H2S04 


TREATED 

WITH 0,1 iV NaOII 

lA./ 

cc» 

2.4^ 

1.21 

0.48\ 

0.24| 

o.ool 

0.12 

0.25 

0.61 

1.22 

\ 

pH 

3.1 

4.1 

5.0 

6.2 

7.0 

7.4 

7.8 

8.4 

9.3 

.{ 

cc. 

2.29\ 

1.15 

0.45 

0.251 

o.ool 

0,11 

0.23 

0.58 

1.17 

pH 

3.3 

4.5 

5.4 

5.9 

7.0 

7.4 

7.8 

8.1 

9.0 

3A.1 

cc. 

zM 

1.30\ 

0.52| 

0.2tf| 

o.ool 

0.13 

0.27 

0.67 

1.33 

pH 

3.0 

4.3 

5.1 

6.0 

7.0 

7.4 

8.2 

9.0 

10.0 

3B.1 

cc. 

2.2S\ 

1 .12\ 

0.451 

0.25| 

o.ool 

0.12 

0.24 

0.57 

1.14 

pH 

3.3 

4.8 

5.8 

6.2 

7.0 

7.4 

7.8 

8.4 

9.5 

6A.1 

cc. 

zM 

l.JOl 

0.521 

0.25 

o.ool 

0.12 

0.27 

0.66 

1.32 

pH 

2.9 

4.4 

5.6 

6.2 

7.0 

7.6 

8.1 

9.0 

10.5 

6B.1 

cc. 

2.35\ 

1.17\ 

0.471 

0.241 

o.ool 

0,12 

0.25 

0.60 

1.19 

pH 

3.2 

4.8 

5.9 

6.4 

7.0 

7,5 

7.8 

8.3 

9,7 

.{ 

cc. 

2 M 

i.ii\ 

0.47| 

0.23\ 

0 .00\ 

0.12 

0.23 

0.59 

1,19 

pH 

1.7 

2.8 

4.4 

5.4 

6.7 

7.0 

7.9 

8.7 

9.0 

7B.1 

cc. 

2,16\ 

1.08\ 

0.45i 

0 .22!\ 

0 .00\ 

0.11 

0.22 

0.55 

1.10 

pH 

2.0 

3.0 

4.6 

5.4 

6.7 

7.0 

7.7 

8.7 

9.5 

Garden soil.| 

cc. 

4M\ 

z.zA 

1.11 

0 M\ 

0 .22\ 

0.00 

0.05 

0.11 

0.57 

pH 

2.5 

4.8 

5.2 

6.2 

7.0 

7.2 

7.3 

7.3 

7.4 









1.13 

4.52 










8.0 

12.0 

Ignacio Hard, Sub-f 

cc. 

3,04\ 

iM 

0.61 

0.30\ 

0.0 

0.16 

0.31 

0.78 

1.55 

soil.\ 

pH 

2.3 

3.0 

4.0 

4.8 

5.1 

5.8 

6.1 

6.7 

8.2 

Ignacio,SoftLimedjf 

' cc. 

2.Jf5| 

1 1.08\ 

0.43| 

0 .22\ 

0.00 

1 0.11 

0.23 

0.55 

1.10 

Rood . 1 

dH 

3.0 

4.3 

5.2 

6.3 

6.9 

7.4: 

7.7 

8.0 

8.4 


The nutrient salts of the soil are of very little importance as buffers as can 
be seen from table 8 where all “B” soils are unplanted and therefore rich in 
salts, and the “A” soils have been cropped for six years and are therefore 
rather exhausted,® Liming only moves the reaction over towards the alkaline 

® la table 9 the titration of a modified Hoagland's solution is given. This represents a 
good soil solution. It can be seen that the titratable acidity is very weak when compared 
with that of the soils. 
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side and does not increase the buffer effect to any appreciable extent (as seen 
from the limed Ignacio soil). 

It seems, considering Javanese and Cah'fomia garden soils as compared 
with the mineral soils from the same districts’' that good humus-manuring 
would improve the buffer curves in a relatively short time. 

Another way is suggested by comparison of the old and new soils. Throu^ 
weathering and decomposition the buffer effect is increased. This process 
can be accelerated by cultivation. 

It seems as if it would be possible to ascertain the lime requirement of a soil 
by titration. By lime requirement, one means two things, partly the amount 
of lime required for “neutraliaang” a soil and partly, in lime-poor soils, the 
amount required to fill the nutrition balance. The “neutralizing” lime only, 
is to be considered here. 


TABLE 9 

Effect of addition of acid or alkali upon the hydrogen-don concentration of modified Eoagland’s 

solution 



0 IZVHCl 

0 llVNaOH 


0 03 

lilM 


0 08 

0 22 

US 

fits 

0 88 


3 

4 

5 

6 

7 

8 

9 

61 


A review of the literature shows that many methods have been used to 
determine soil acidity. There are three different types of these methods. 
First, the titration method in which only one actual pH determination is made, 
namely, the end point of the titration. Some use phenolphthalein, and others, 
other indicators. 

Another type is that in which only a qualitative test with an arbitrarily 
chosen method is made. 

Christensen used a biological method in which the growth of Azotobacter 
was the indicator. 

What is done in all these cases and what it is aimed to do is to change the 
reaction of the soD to a certain point. Why not do it by titration with a strong 
but diluted acid (or alkali) in order to get the reaction as quickly as posable 
and then locate the different points on the pH scale. By using this method 
the arbitrariness would bo reduced to a minimum and one would obtain a 
universal and simple method for the determination of the lime requirement. 

SUMMAKY 

Ihe potential acidity of the soil or the buffer actionis an important and nearly 
overlooked factor. It has been found that in some cases there is a good corre¬ 
lation between the type of titration curve and fertility. A strong buffer 

’ A good suggestion in this work would bo to select a certain green manure crop of which 
the manure is as near neutral as iwssiblc in order to avoid too much liming. 
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action means a good soil, a weak one a bad or easily changed soil, provided 
the reaction of the soil lies within certain limits. Humus-manuring and 
cultivation are the two factors for increasing the buffer effect. 

The titration of soils may be used for determination of the lime requirement. 
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EFFECT OF CERTAIN CALCIUM COMPOUNDS AND OTHER SUB¬ 
STANCES ON THE YIELD AND CALCIUM CONTENT OF 

SOME CROPSi 

O. M. SHEDD* 

Kentucky Agrictdhiral Exparim^ Station 
Risceivcd for publication October 14, 1921 
HISTORICAL 

In a former publication (7), the miter has shorn by an improved method of 
analysis that many Kentuck}' soils have a very low total calcium content; 
in fact, from work done on several of the same samples, some of which has been 
published (6, p. 267-306) the calcium deficiency in many of our soils assumes 
equal importance with their low phosphorus and nitrogen content when the 
relative amounts of these elements removed by ordinary crops axe considered. 

At present, enormous quantities of limestone are being used on our soils to 
increase production. Very little significance has been attached, however, to 
the fact that in applying tliis material an essential element for plant growth is 
added and one which is removed in comparatively large quantities by crops. 

It has been assumed heretofore that soils generally contain abundant 
calcium compounds to furnish an ample supply of this dement for crop require¬ 
ments. As soil-survey work has progressed, however, the accumulated data 
sliow that there are certain types in which the small percentage of total caldum 
found would indicate tliat there may be a deficiency of this dement for 
permanent fertility. As a result, recent investigators and agricultural 
writers, for example, Wflliam Frear,* Halligon (2, p.21), Hopkins (3, p. 38 
and succeeding reports), Thorne (8, p. 57), Van Slyke (9, p. 21), and Voorhees 
(10, p.3) emphasize its importance and class it as one of the four probable 
limiting elements the others being nitrogen, pho.sphorus, and potassium. The 
assumption tliat caldum is of minor importance in most soils probably accounts 
for the fact that very few cxi>eriments have been carried on to deteimine its 
effect as a plant food dement. 

Mdntirc and llVIllis (4) described some experiments in which a comparison 
was made of the carbonates and silicates of caldum and magnesium on the 
growth of red dover in pot experiments, employing two types of soil. They 

‘Published by pennission of the Director of the Kentucky Agricultural Experiment 
Station. 

‘The writer desires to cxi)rcss his appreciation of the hdpful suggestions offered by 
Dr. A. M. Peter, Hoad of the Department of Chemistry, during the progress of the work. 

* In a personal letter to the author. 
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obtained better results with calcium silicate than with the carbonate. In their 
experiments, equal amounts of calcium were compared in the two materials, 
the silicate used being the native mineral, woUastonite. These authors also 
quote experiments made by Mieth (5) in which this investigator concludes that 
the easily decomposable calcium silicate should receive consideration as a 
source of lime for growing plants. 

EXPERIMENTAt WORK 

In view of the fact that many of our soils have been found to have a relatively 
low total calcium content, the experiments below were intended to determine, 
if possible, the effect of this element as plant food on the growth of certain 
plants in such soils. 

It is very difficult to test the influence of calcium as an essential element of 
plants by adding a compound to the soil in which they are to be grown, because 
this brings into the problem the effect of the other elements contained in the 
same directly upon the plant as well as the effect of the compound upon certain 
properties of the soil, such as acidity and texture which influence plant growth. 
The plan adopted for these experiments was to compare the effect of adding 
calcium silicate, calcium citrate, or calcium oxalate, respectively, with that of 
adding magnesium silicate, silica or dextrin, carrying equivalent amounts of 
magnesium, silicon, or carbon. 

The principal comparison was that of the calcium and magnesium silicates 
in equivalent amounts. It was assumed that the secondary effect of the latter 
compoimd upon the acidity of the soil would about equal that of the former, 
giving opportunity for the calcium to show its effect as plant food. The use of 
magnesium silicate to check the neutralizing effect of the calcium silicate was 
considered preferable to the use of either calcium or magnesium carbonate. 

The silica treatments were carried on as a control on die silica contained in 
the calcium silicate, consequently the amount used exceeds that contained in 
the magnesium silicate. It may therefore be used to check both. The dextrin 
was used as a control on the carbon added in the calcium citrate and, inci¬ 
dentally, that in the calcium oxalate. The quantity of carbon added in the 
dextrin applied therefore equals that of the former and is about double that of 
the latter compound. 

The materiaJs were stock precipitated chemicals which in most instances 
were further purified by washing with water. Analyses are given in table !• 

The soils used in the experiments were taken from areas which showed a low 
average calcium content. They do not, however, represent the soils with the 
lowest caldxim content to be found in these areas, but, on the contrary, some 
are above the average. Partial analyses of the soils used and other data 
follow: 
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Soil no. 56583, Bath County, in the Devonian area. Surface soil from the farm of W. W. 
Penix, about li miles southwest of Ol 3 mipia, Ky. 



TOTAL 

SOLUBLE IN 

0 2NJHNOJ 

rolttblc 

IN CARBONATED 
WATER 



pounds m 2,000,000 


Phosphorus. 

. 1180 

86 


Calcium. 

. 4473 

1080 

700 

Limestone requirement. 

. 5828 




Soil no. 56584, Russell County, in the Keokuk-Waverly area. Surface soil from the farm 
of J. S. Dickenson, about 5 miles southwest of Dunnville, Ky., on the Dunnville and James¬ 
town Pike. Commercial fertilizers have been used. 



TOTAL 




pounds in 2,000,000 


Phosphorus. 

. 440 

32 


Calcium. 

.. 2720 

1160 

380 


Limestone requirement. 100 


Soil no. 56585, Floyd County, in the Eastern Coal Field area. Surface soil from the 
farm of Burr Hereford, near Cliff, Ky* 



TOTAL 

BOITJBIB W „ ofJSrTi-n 
0 2 N HNO. 

Phosphorus.... 

. 1580 

pounds in 2,000,000 

36 


Calcium. 

. 1420 

1580 

560 

Limestone requirement... 

. 2366 




Soil no. 56586, Laurel County, in the Eastern Coal Field area. Surface soil from the 
control plots of the Station experiment field near Fariston, Ky. 



TOTAL 

sowmir. w 

0.2NiINOi 

Phosphorus. 

. 1100 

pounds in 2,000,000 

24 


Calcium. 

. 3500 

1260 

320 

Limestone requirement. 

.. 774 




Soil no. 56587, Hardin County, in the St. Louis-Chester area. Surface soil from the 
farm of Harry Gatton, 3 miles northwest of Glendale, on the Bacon Creek Pike. Com¬ 
mercial fertilizers have ietn used. 



TOTAL 


Phosphorus.. 

. 820 

pounds in 2,000,000 

26 


Calcium... 

. 3140 

1240 

220 

Limestone requirement. 

. 414 
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Soil no. 56588, Taylor County, in the St. Louis-Chester area. Surface soil from the farm 
of S. B. Coppock, 1 mile south of Burdick, Ky. 



TOT\t. 

SOUIBI.C ni „ n 

0 2NHNO. 



Poufidi in 2,000,000 


Phosi^horus. 

. 780 

38 


Calcium.. 

. .S580 

2040 

480 

Limchlonc requirement. 

. 107 


Each soil was thoroughly mixed, pul through a coarse sieve, and air-dried. 
The experiments were carried on in the greenhouse in 2-gallon stone jars sup¬ 
plied with drainage and IS pounds of soil was used in each jar. Triplicate 
treatments were given in all instances, and equal amounts of distilled water 
were applied. 

In the experiments ])elow it is assumed that an acre of the surface soil, 6 
inches in depth, weights 2,000,000 pounds. The treatments given were as 
follows; 

Controls. Di-potassium phosphate was added to these and other pots of the series as 
described later. 

Magnesium silicate. An amount carrying 607 pounds magnesium and 2186 pounds 
silicon per 2,000,000 ijounds. 

Calcium silicate. An amount carrying 1000 i>ounds caUium and 2346 pounds silicon 
per 2,000,000 ixjunds. 

Silica. An amount carrying 2340 pounds silicon i'‘cr 2,000,000 pounds. 

Calcium citrate. .\n amount carrying 1000 pounds calcium and 1198 pounds carbon 
per 2,000,000 pounds. 

Calcium o.xalale. An amount carrying 1000 pounds calcium and 598 pounds carbon 
per 2,000,000 pounds. 

Dextrin. An amount canying 1198 pounds carbon per 2,000,000 pounds. 

Each of these chemicals was put through 100-mcsli sieve and thoroughly 
mixed with the soil in each instance. An application of a solution of di-potas¬ 
sium ])hosphatc at tlie rale of 100 parts per 2,000,000 of soil was made to each 
pot at the beginning of the experiment. 

The croi)s grown in rotation were soybeans, sweet clover, alfalfa, and oats. 
The soils were inoculated b(‘forc planting each legume, and between crops they 
were stirred to a depth of 6 inches and pulverized. The plants were tlxiimcd to 
uniform size and distribution, and the number allowed to each pot was 5 for 
the soybeans, sweet clover, and alfalfa and 10 for the oats. Repeated cuttings 
of the sweet clover and alfalfa near the crown wore made. 

At harvest, the plants were cut close to the ground, the roots disregarded, 
and the air-dric<l weights were obtained. Composite samples were made of 
the plants and separately of the seed obtained from the triplicate pots in each 
treatment for the laboratory work. The samples were finely ground, after 
which ash and calcium dcternomalioris were made on them. The calcium was 
determined volumetrically by practically the same procedure followed m the 
improved method on soils mentioned above (7). 

In order to lest the effect of the silicates and other treatments on the lime 
requirement of the soils, acidity determinations by the Hopkins method (1) 
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were made before and after the materials were applied and after the crops had 
been grown. These results together with the weights of the crops from the 
three pots of each treatment and other data are given in tables 2-12. 

TABLE 2 


Yield of soyhca/ns {atr-dry) 


TREATMENT 

BATH 

COUNTY 

RUSSEBL 

COUNTY 

FLOYD 

COUNTY 

LAUREL 

COUNTY 

HARDIN 

COUNTY 

TAYLOR 

COUNTY 


Hay 

Seed 

Hay 

Seed 

Hay 

Seed 

Hay 

Seed 

Hay 

Seed 

Hay 

Seed 





mm 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

Control. 

19.76 

2.07 

19.00 

2.45 

16.75 

0.53 

26.03 

0.89 

27.16 

1.53 

17.89 

1.45 

Magnesium silicate. 

20.18 

2.38 

20.15 

3.63 

15.28 

2.19 

28.53 

0.76 

33.23 

0.87 

20.97 

0.27 

Calcium silicate. 

22.02 

3.45 

22.34 

1.92 

20.32 

0.85 

32.92 

0.40 

33.34 

0.18 

25.75 

0.52 

Silica. 

17.94 

1.79 

18.16 

3.IS 

18.60 

0.87 

27.64 

0.67 

28.17 

0.63 

25.35 

0.29 

Calcium citrate. 

18.28 

2,44 

18.77 

1.51 

15.69 

1.38 

23.26 

2.04 

25.91 

1.34 

24.65 

0.75 

Calcium oxalate. 

19.54 

1.55 

20.13 

2.84 

|17.44 

1.19 

30.34 

1.19 

30.11 

1.15 

25.52 

1.33 

Dextrin. 

19.84 

0.74 

15.51 

0.97 

11.29 

1.14 

24.02 

1.27 

18.22 

1.74 

20.18 

1.51 


TABLE 3 

Yield of sweet clover and alfalfa {ak’dry) 


TREATICENT 

SWEET CLOVER 

ALFALFA 

Bath County 

Russell 

County 

Floyd 

County 

Laurel 

County 

Hardin 

County 

Taylor 

County 


gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

Control. 

(No growth obtained) 

17.27 

9.53 

19.85 

20.69 

21.12 

Magnesium silicate. 

4.77 

34.44 

16.17 

28.38 

32.90 

23.58 

Calcium silicate. 

13.4$ 

36.39 

18.83 

32.56 

44.22 

32.64 

Silica. 

(No growth obtained) 

13.14 

8^.44 

13.00 

20.83 

22.30 

Calcium citrate. 

8.79 

35.75 

16.36 

28.64 

35.04 

30.08 

Calcium oxalate. 

11.74 

29.94 

12.82 

31.20 

32.25 

30.64 

Dextrin. 

(No growth obtained) 

16.08 

8.14 

19.73 

24.33 

18.93 


DISCXTSSION OP RESULTS 

The 3 delds shows that some of the soils responded favorably to the applica¬ 
tion of calcium compounds, but the increases obtained were more pronounced 
with some crops and treatments than with others, as shown below. 

Soybeans. The highest yield of hay on each soil was obtained by the use of 
calcium silicate, but on only one soil did this treatment give the highest yield 
of seed, the remainder being lower than some of the controls comprising the 
magnesium silicate, silica, and control plots. The calcium dtiate showed an 
increase in hay on one and in seed on three soils, while calcium oxalate gave 
increases in hay on five and in seed on two soils, compared with the dextrin 
and control soils. The yields of seed are so small and irregular insome instances 
that they are insignificant. 

Sweet clover and alfalfa. All calcium treatments showed material gains on 
all soils. The results obtained with sweet clover on the Bath County soil are 
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of interest since no growth was obtained in tlii-ec of the four control treatments. 
Incidentally this soil showed the highest acidity. With some treatments the 
growth of sweet clover was nearly inversely proportional to the acidity found, 
but this was not always true. 

Oats, Calcium silicate noade gains in the straw on three and in the grain on 
five soils. Calcium citrate shows gains in both grain and straw on five soils and 
calcium oxalate on four soils, compared witli the controls. 

The good results obtained with magnesium silicate are interesting and caimot 
be entirely attributed to the neutralization of the acidity by this material. 
It is thought that part of the beneficial effect is due to the magnesium, as 


TABLES 

Ash content of soybean hay (air-dry) 


TRXATME2TT 

BATH 

COUNTY 

RUSSCLl. 

COUNTY 

FLOW’D 

COUNTY 

L\URr.L 

COUNTY 

HARDIN 

COUNTY 

TAYLOR 

COUNTY 

AVERAGE 


per cent 

percent 

per cent 

per cent 

Per cent 

per cent 

per cetU 

Control. 

6.15 

6.07 

5.65 

7.32 

10.76 

10.84 

7.80 

Magnesium silicate. 

7.37 

6.04 

6.42 

8.45 

8.96 

11.39 

8.26 

Calcium silicate. 

S.02 

7.54 

6.74 

8.90 

0.62 

10.59 

8.58 

Silica. 1 

6.97 

6.96 1 

5.47 

7.45 

9.55 

10.52 

7.82 

Calcium citrate. 

6.70 

6.57 

5.67 

6.91 

9.73 

10.20 

7.63 

Caldum oxalate. 

7.25 j 

6.42 

6.07 

7.43 

11.21 

8.38 

7.79 

Dextrin. 

6.52 ' 

6.95 

5.88 

8.28 

9.81 

12.42 

8.31 


TABLE 6 

Ash content of sweet dover and alfalfa hay {air^ry) 


TREATMENT 

SWEET CLOVCR 

alfalfa 

Batli 

County 

Ru<iscll 

County 

Vloyd 

County 

Aver¬ 

age 

Laurel 

County 

Hardin 

County 

Taylor 

County 

Aver¬ 

age 


per cent 

percent 


per cent 

per cent 

per cent 

percent 

percent 

Control. 

* 

7.80 

10.09 


7.20 

8.38 

6.86 

7.48 

Magnesium silicate. 

8.16 

6.29 

8.68 

7.71 

6.60 

7.31 

7.60 

7.17 

Calcium silicate. 

9.76 

7.29 

8.27 

8.44 

6.43 

6.96 

7.19 

6.86 

Silica. 

* 

8.87 

8.11 

8.49 

8.25 

9.U 


8.14 

Caldum citrate. 

10.30 

6.88 

8.94 

8.71 

7.67 

6.89 

7.13 

7.23 

Caldum oxalate. 

8.92 

6.89 

11.41 

9.07 


8.37 

6.42 


Dextrin. 

* 

8.13 

8.51 

8.32 


7.81 

7,76 

7.86 


* No growth obtained. 


illustrated in some of the results obtained on the yield of seed. In this con¬ 
nection it might be mentioned that plant physiologists are agreed that mag¬ 
nesium bears some dose relation to seed formation. Considering the amount 
applied, the fact that this material did not prove detrimental to growth is of in¬ 
terest since the calcium-magnesium ratio in the soils was materially changed 
by its addition. The beneficial effect obtained from the use of the magne¬ 
sium silicate raises the question of possible deficiency of magnesium in soils, 
and it is the writer’s intention to investigate this more fully. 


























Ash content of oats {air-dry) 
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Calcium silicate increased the average ash content of the soybean hay and 
oat grain, but neither this nor the other calcium treatments increased the ash 
of the other crops. Calcium silicate also increased the average percentage of 
calcium in the soybean hay, and the oat grain and the other calcium treatments 
increased the amount of this element in the soybean hay and in both the oat 
straw and grain. Calcium oxalate seems to have raised the calcium content of 
the alfalfa. 

It is of interest to observe in table 12 that the relative acidities of the six 
soils remain the same after each treatment, the order beginning with the 
lowest acidity being Russell, Taylor, Hardin, Laurel, Floyd, and Bath. The 
only deviations from this order are in the silica series where Russell is larger 
than Taylor and in the calcium oxalate series where Hardin and Laurel test 
equal in acidity. The effect of the different treatments, however, is much more 
pronounced in some soils than in others, and it is difiScult to explain the behavior 
of the same material in its influence on the acidity of different soils. 


TABLE 9 

Calcium content of sweet clover and alfalfa {air-dry) 


tftXATUEKT 

BATE 

COUNTY 



AVER- 

AOR 

LAUREL 

COUNTY 

EARDIN 

COUNTY 

TAYLOR 

COUNTY 

AVER- 

AOE 


percent 

P(f cent 

per cent 

percent 

per fxni 

per cent 

per cent 

percent 

Control. 


2.08 

1.98 


1.65 

1,46 

1.62 

1.58 

Magnesium silicate. 

1.06 

1,17 

1.35 

1.19 

1.03 


1.40 

1.15 

Calcium silicate. 

1.52 

1.84 

1.79 

1.72 

1.39 

1.28 

1.43 

1.37 

Silica. 


2.44 

1.72 

2.08 

1.55 

1.38 

1.57 

1.50 

Caldum citrate. 

1.83 

2.02 

1.94 

1.93 

1.52 

1.49 

1.75 

1.59 

Calcium oxalate. 

1.67 

2.05 

2.42 

2.05 

1.58 

1.66 

1.84 

1.69 

Dextrin. 


2.22 1 

1.38 

1.80 

1.48 

1.33 

1.82 

1.54 


* No growth obtjdned. 


When the results of the pot tests arc considered, there is some evidence which 
shows that the calcium in the different treatments has probably functioned as 
plant food in some instances and, furthermore, has exerted an influence on the 
ash and calcium content of the plant. Comparison of the averages of the 
calcium treatments with those of the no-calcium treatments in table 11 shows 
that more of this element was removed by the crops from the former than by 
that from the latter. 

If there had been an adequate supply of available calcium present in the 
soil it would seem that some of these differences should not be so krge especially 
where magnesium silicate was applied, since this substance materi^y reduced 
the acidity of the soil. 

Many of our soils have a lower total calcium content than those used in these 
experiments. Taking into consideration that an application of 1 ton of lime¬ 
stone or of calcium phosphate per acre to some of our poor soils adds al^ut as 
much calcium as is already present, there can hardly be any doubt that any in- 
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TABLE 11 


Calcimt removed hy crops; average for each group of three pots for each crop on all soils 


THEATMENT 

SOYBEANS, 

HAY 

AND SEED 

SWEET 

CLOVER 

ALFALFA 

OATS, 

STRAW AND 
GRAIN 

Control... 

0.393 

Jfw. 

0.181 

gm, 

0.325 

"W. 

0.156 

Magnesium silicate. 

0.379 

0.220 

0.325 

0.158 

Calcium silicate. 

0.641 

0.394 

0.500 

0.205 

Silica. 

0.433 

0.150 

0.281 

0.145 

Calcium citrate. 

0.451 

0.392 

0.497 

0.227 

Calcium oxalate. 

0.536 

0.372 

0.530 

0.223 

Dextrin. 

0.340 

0.145 

0.323 

0.162 

Average of calcium treatments. 

0.543 

0.386 

0.509 

0.218 

Average of no calcium treatments. 

0.386 

0.174 

0.314 

0.155 

0.063 

Difference. 

0.157 

0.212 

0.195 



TABLE 12 

Eject of treatments and growth of plants on lime requirement 


TREATMENT 

BATH 

COUNTY 

RLSSELL 

COUNTY 

FLOYD 

COUNTY 

LAUREL 

COUNTY 

HARDIN 

COUNTY 

TAYLOR 

COUNTY 

lime requirement! 

Relative acidity! 

Lime requirement 

Relative addity 

Lime requirement 

Relative addity 

1 

I 

a 

V 

Relative addity 

lime requirement 

Relative addity 

Lime requirement 

Relative addity 


0 


tm 


wm 


tm 


m 


0 


Control*. 

5828 

100 

100 

100 

2366 

100 

774 

100 

414 

100 

107 

100 

Control f. 

6281 

108 

71 

71 

1413 

60 

232 

30 

125 

30 

54 

SO 

Magnesium silicate. 

4561 

78 

18 

18 

535 

23 

89 

11 

61 

IS 

54 

so 

Calcium silicate. 

3690 

63 

11 

11 

107 

5 

46 

6 

39 

9 

36 

34 

Silica. 

5064 

87 

61 

61 

964 

41 

253 

33 

132 

32 

43 

40 

Calcium citrate. 

3073 

S3 

18 

18 

221 

9 

57 

7 

54 

13 

29 

27 

Calcium oxalate. 

2884 

49 

18 

18 

111 

5 

43 

6 

43 

10 

25 

23 

Dextrin. 

4896 

84 

71 

71 

1453 

61 

278 

36 

M3 

35 

6*4 

60 


Soil used in experiments before any plants were grown and to which notliing has been 
added. Tested Dec. 7, 1918. 

t Same soil after addition of 100 parts K1HPO4 per 2,000,000 and all croi>s were grora. 
Tested Aug. 28,1920. 

t Calcium carbonate required per acre to neutralize acidity, 

^Original soil = 100. 

creased growth obtained as a result of applying these materials, or even of some 
commerical fertilizers to such soils, is due in part at least to the plant food cal¬ 
cium which they supply in addition to the other good effects which they may 
accomplish. 
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STOIMARy 

1. Pot ex{)eriments in tlie greenhouse were made on six soils r^iesenting 
four different types in this State in an effort to determine if there ms a defi¬ 
ciency of plant-food calcium. 

2. Following applications of different calcium salts, four crops—-namely, 
soybeans, sweet clover, aKaffa and oats—^were grown in rotation. The effects 
of certain other substances were studied at the same time as a means of control. 

3. In some instances the addition of calcium compounds to these soils 
increased the yield of some crops, both in grain and straw or hay. 

4. The calcium treatments increased the ash and calcium content of some of 
the crops. 

5. A considerable variation in the percentages of ash and calcium of the same 
plant, both in grain and straw or hay, was found when grown on different soils 
or even on the same soil where different treatments were given. 

6. Silica treatments appear to have exerted a favorable influence on the yield 
of soybeans and oats on some soils. 

7. Appreciable gains were obtained by the use of magnesium silicate in 
many instances, especially on the 3 deld of some grain. These may be attrib¬ 
uted in part at least to the beneficial affects of the magnesium, although there 
was some reduction of the soil acidity by this treatment. 

8. Where magnesium silicate was apphed to the soil the average calcium con¬ 
tent of the hay or straw of all crops grown and of the grain of oats was lower 
than that by any other treatment. 

9. The acidity of the soils was materially reduced by some treatments, but 
it is not believed tliat all of the increased yields can be entirely attributed to 
this fact. The effect of the same treatment on the acidity of different soils 
produced some interesting results which are dfficult to explain. 

10. Comparison of the averages of calcium with no-caldum treatments 
shows that tlie ctoi)s of the former usually removed much larger quantities of 
this element from the soil. TOs was probably due to the fact that where no 
calcium Ihreatmcnl was given, the plants were in need of an adequate supply 
available calcium for growth, 
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INFLUENCE OF SULFUR OXIDATION UPON GROWTH OF SOY 
BEANS AND ITS EFFECT ON BACTERIAL FLORA OF SOILi 
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The oxidation of sulfur in the soil, and the influence of sulfur upon bacterial 
activities and development has been studied by many investigators. Sulfur 
transformation in the soil has long been known, but only in recent years has the 
mechanism of it been more fully under consideration. Although no attempt 
is made to give a complete bibliography on the subject, some of the more con¬ 
clusive studies reported are included in the following review of literature. 

Boulanger and Dugardin (3), in try mg to explain the fertilizing action of sulfur, found that 
the effect of sulfur on crop yields was more marked with unsterilized soil than with sterilized 
soil, due to the oxidation of sulfur by bacterial activities. Demolon (6) studying the fertilizer 
action of sulfur found that but little sulfur was oxidized in a sterilized garden soil, and reached 
the same conclusions. Bernhard (2) states that the beneficial effect of sulfur for the control 
of potato scab, was due to the disinfection of the soil by sulfur. Brown and Kellogg (5) 
showed that different soils have unlike ‘‘sulfofying powers” and some of the factors influ¬ 
encing the change of elemental sulfur to the sulfate form were of a biological nature, lip- 
man and his associates (11) have shown that elemental sulfur is oxidized by the proper bac¬ 
teria, Later studies at the New Jersey Experiment Stations, have confirmed the earlier 
experiments. Martin (13) recently published results obtained with inoculated and uninocu¬ 
lated sulfur for the control of potato scab, which show that inoculated sulfur produced greater 
amounts of soil acidity then did uninoculated sulfur, and was superior for the control of 
potato scab. 

There has been, and still is, considerable controversy as to the necessity of applying sulfur 
to the soil for the stimulation of plant growth. Lyon and Bizzel (12) report tibat in the 
lysimetcr experiments at Cornell the sulfate sulfur in the dnunage water was from three to 
six times as great as in the crops, while the sulfur content of the drainage water from the 
unplantcd soil was about equal to the sulfur content of the crops and drainage water from 
the planted soil. Swanson and Miller (21) state that the loss of sulfur due to the amount 
taken up by crop is insignificant as compared with the total amount which has disappeared 
from the soil. Hart and Peterson (8) calculate the loss of sulfur in drainage water to be 
three times the amount brought down to an acre from the atmosphere. Stewart (20) con¬ 
cludes that under humid conditions sulfur need not be added to the soil as plant food. Suffi- 
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cient sulfur is brought down by the rainfall to supply plant needs, Ames and Boltz (1) 
conclude that the cultivation of silt loam for 16 years without the addition of fertilizers has 
decreased the total sulfur supply. 

Some striking results have been obtained with the use of sulfur as a fertilizer or stimulant. 
Reimer (17) obtained large increases in alfalfa yields by the use of elemental sulfur. A num¬ 
ber of Oregon soils are deficient in suUur and respond readily to sulfur applications as is 
shown by the work of Reimer and Tartar (18), who report increases of from SO to 1000 per 
cent for alfalfa and clover by the use of fertilizers containing sulfur on various soil types. 
Flowers of sulfur produced beneficial results similar to those obtained by the use of super¬ 
phosphate, gypsum, iron sulfate, etc. Headley (9, p. 16-18) reports experiments with sul¬ 
furic add and gypsum and states that the yields of the soils so treated has been deddedly 
greater each year than those from the untreated plots, but not enough greater to be profitable. 
Miller (14) condudes from pot experiments that the addition of elemental sulfur enhanced 
the growth of the plants, and that the corresponding increases obtained on the soil extract 
indicated that sulfur acted directly in promoting this growth. Tottingham and Hart (23) 
made greenhouse and field tests with sulfur and composted sulfur and rock phosphate. They 
conclude that on two loam soils sulfur increased the growth of clover and cruciferae on one 
soil and not on the other. Sulfur increased the yields of barley seed on a silt loam appar¬ 
ently in need of lime. One hundred poimds of sulfur per acre was most effective. 

The action of sulfur and the sulfates formed in the soil upon the soil bacteria and their 
activities has been studied in several instances. Janicaud (10) states that sulfur has a favor¬ 
able influence on the development of bacteria in the soil. Duley (7) concludes that sulfur 
and gypsum increase the number of nodules to a marked extent on red clover roots in certain 
Missouri soils. Boulanger and Dugardin (3) studied the efiect of sulfur on ammonification, 
nitrification, and nitrogen fixation and they found that the presence of small amounts of 
sulfur decidedly increased the activity of ammonifying bacteria. Brioux and Geurbet (4) 
challenged the conclusions of these investigators and say that sulfur as such does not have 
any influence upon the activities of ammonifying or nitrif 3 dng bacteria. 0*Gara (IS) re¬ 
porting field experiments with field and truck crops in which elemental sulfur was added at 
a rate of 400 poimds per acre states that “one of the striking effects of sulfur treatment of 
soils on the soil microorganisms is the decided and consistent increase in total bacterial 
numbers as determined by the plate method.” Tacheuchi (22) concludes that sulfur applied 
at the rate of 0.5 per cent and over decreases the number of bacteria in the soil, and that 
sulfur alone does not affect the root development, or the number of root nodules. 

Miller (14) states that the great increase in the nitrogen content of dover grown on soil 
where sulfates had been added is the result, in all probability, of the sulfates stimulating the 
action of legume bacteria; the number of nodules on the clover roots were increased. Pitz 
(16) found elemental sulfur to increase soil acidity, and that the number of bacteria which 
would grow on agar plates decreased after a certain period, if sulfur was added to a silt 
loam soil. He reports an increase in ammonification, accompanied by a parallel decrease in 
nitrate formation. 


EXPERIMENTS ’WITH SLIGHTLY ALKALINE SOILS 

From the short review of literature it seems clear that some soils respond to 
the treatment of sulfur and others do not. The study reported below was 
primarily undertaken to determine whether or not a slightly alldaine soil, 
which produces chlorosis, would be benefited by additions of sulfur. 

Determinations were made on numbers of the microdrganisms in this soil, 
influence on the physical structure (flocculation, turbidity, water-holding 
capacity, chan g e in volume), and the influence on the growth of soy beans. 
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The soil used was a Hanford fine sandy loam, and secured by Prof. C. F. 
Shaw of the University of California from ranches near Pomona, Cal. Professor 
Shaw wrote the following notes about these soils and their history: 

These soils were secured from a point about two miles west of the business center of 
Pomona. Soil 1 was taken in an orange grove about 100 feet from the west line of the 
orchard. The orange trees were about thirty years old. They have been manured annually 
with barnyard manure, but the quantity applied was unknown by the owner. He has 
approximately seven acres in the grove and applies to it all the manure from one horse and 
one cow, spreading it on as it is made. The grove has been irrigated by furrows ever since 
it was first set out. The water has flowed from the east towards the west and the block of 
soil between each row has not received water except as it has run over from the shallow 
furrows or has seeped in by lateral movement. There has been slight accumulation of finer 
sediments in the west side of the grove—the side from which the soil was taken. The soil 
was taken from about the middle of the row between the trees and from the low ridge between 
two irrigation furrows. The land had been irrigated about one week previous. These 
samples represent a good soil in which the fertility has been maintained reasonably well 
through fertilizing and through tillage. 

Soil 2 was taken about 150 feet west of soil 1 and about SO feet west of the boundary 
line between the orange grove and the adjoining com field. The field from which soil 2 
was taken has been in com or in barley annually for a great many years. It has been farmed 
nearly every year for thirty or more years, and no fertilizer has ever been applied. The 
ranch is run by a Mexican tenant and the system of culture is poor. During the last 6 years 
the field has grown at least 4 and possibly 5 crops of com and one and possibly 2 crops of 
barley. At first the crop yields were good but they have dropped off during the last ten 
years. The field was in com this year with a fair stand. 

A mechanical analysis made of these soils showed that they were very fine. 
The data is given in table L 

* TABLE 1 


Mechanical analyses of Banford fine sandy loam 


ORADK OV SOIL 

ORA2TOn GB.OVE 

OPEltnELD 

Fine gravel... 

percent 

2.85 

percent 

6.65 

Coarse sand....... 

9.99 

9.34 

Fine sand... 

11.02 

11.21 

Very fine sand. 

33.58 

33.05 

Silt and clay. 

42.56 

38.91 



Flowers of sulfur was inoculated with one per cent of soil which was known 
to contain sulfur-oxidizing organisms. This inoculated sulfur was then 
thoroughly mixed with soils 1 and 2 and the water-holding capacity deter¬ 
mined. The soils were kept at 60 per cent of the water-holding capacity 
throughout the period of investigation. 

Hydrogen-ion concentration determinations were made of the soil extract 
before and after mixing with sulfur and at definite mtervals during the growth 
of the plants, using the apparatus described by Van Alstine (24). 

The soils were divided into 2 parts, one to be used for plant cultures and the 
other for bacterial stuclics. 
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SERIES 1. VEGETATION EXPERIMENTS WITH SOIL 1 

Soy beans were grown in earthenware pots filled with 5 kgm. of soil. Dif¬ 
ferent amounts of inoculated sulfur were thoroughly mixed with the soil. To 
duplicates were added, besides the same quantities of inoculated sulfur, 300 
pounds of rock phosphate per acre, and to triplicates, in the place of rock 
phosphate, 100 pounds of acid phosphate per acre. The exact amounts 
of suKur added to all series were as follows: 


CCTIimRC NXIUSER 

POUNDS PEK ACRE 

1 . 6,11 

None 

2 , 7,12 

100 

3, 8,13 

300 

4, 9,14 

500 

5,10,15 

1000 


The soy bean seeds were selected for size, germinated and transplanted when 
from 2 to 3 inches high, care being taken to select planUets as nearly alike as 
possible. Six plants were planted in each pot and grown for 9 weeks. At the 
beginnii^ of the experiment the soil was inoculated with a water extract of a 
soil containh^ soy-bean nodule-forming bacteria. The optimum water content 
of the soil was maintained by daily additions of distilled water, the pots being 
placed on the scale pan every 2 or 3 days. Notes were taken at intervals and 
the hydrogen-ion concentration of the soil extract determined once each weds. 

The influence of plant growth on the hydrogen-ion concentration was but 
slight. In the water extract of the soils treated with small amounts of sulfur 
the changes were not very marked, but the larger quantities of sulfur exerted 
a decided influence, although not as much as would be e}q)ected from the ratha: 
heavy applications. This was probably due to the slow oxidation of the sulfur. 

Notes taken after 3 weeks show that, in general, the plants in soil to which 
sulfur was added were slightly behind the check cultures. Most of these 
plants started to develop small yellow spots on the leaves. According to the 
notes takai after 6 weeks, when 3 of the 6 plants were harvested, it appears 
that these ydlow discolorations, which more or less resembled mosaic, were 
not found on the plants grown in soils which received 300,500 and 1000 pounds 
of sulfur per acre, and that the plants grown in soil to which rock phosphate had 
also been added, had been very slightly affected, while the effect on the plants 
grown in the cultures receiving the same amounts of sulfur but acid phosphate 
instead of rock phosphate were more distinct. The yellow spots on the plants 
in the other cultures were at that time more pronounced than after 3 weeks. 
The soil used was at the beginning of the experiment rii^tly alkaline, or 
neutral, with pH values varying between 7.2 and 7.0. 

A comparison made at the end of 6 weeks of all pot cultures seemed to place 
the plants receiving sulfur alone as best. 
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After 9 weeks the plants were scored again and the yellowish, sickly looking 
leaves counted. In all cases the yellowness increased with the increase of the 
quantities of sulfur employed. The plants grown in soil with sulfur alone 
seemed to he still ahead. At the end of 9 weeks the plants were harvested, 
and a comparison made on the relative numbers of nodules and on the extent 
of tlic root system. 

It appeared that the check plants had all a more extensive root system than 
the plants grown in the sulfur-treated soils, with the exception of plants receiv¬ 
ing 100 pounds of suKur to the acre. On the latter the nodules were also more 
numerous than on the check plants and the plants treated with higher amounts 
of sulfur. The nodules decreased numerically with the increase of the amounts 
of sulfur applied. The plants which were grown in the soil receiving 1000 
pounds of sulfur per acre had very few, but extremely large, nodules. Some 
of these nodules were ^-1 cm. in diameter. 

Although the weight of the plants decreased toward the highest sulfur 
application, the differences were not striking. It was concluded, therefore, to 
grow another crop of soy beans in the same pots with similar applications of 
sulfur, rock phosphate and acid phosphate. 

The plants were selected and planted as before and 3 out of 6 plants harvested 
after 4 weeks, leaving the 3 best-looking plants in each pot. At this time the 
cotyledons of the check plants and of the plants receiving 1000 pounds of 
sulfur per acre were all still dark green, while most of the cotyledons of the 
plants receiving 100,300 and 500 pounds of sulfur per acre, had been dropped 
previously or had turned yellow before the end of 4 weeks. The best looking 
plants were at that time in the check pots. 

It was interesting to note that the pots receiving 1000 pounds of sulfur per 
acre and 300 pounds of rock phosphate in addition had a much higher hydrogen- 
ion concentration than the pots receiving acid phosphate in addition, and also 
higher than the pots which received 1000 pounds of sulfur alone. The 
hydrogen-ion concentration went up more or less in all cultures. 

According to the notes taken, all plants were found blooming after 4^ weeks, 
while cultures 5, 10 and 15 had very yeUow leaves of which some had been 
dropped at that time. 

Results are given in table 2. 

The results obtained were much more pronounced than those obtained with 
the first crop. The fact that inoculated sulfur and rock phosphate together 
produced poorer results than sulfur alone can not fully be explained by sup¬ 
posing that this particular soil does not respond to phosphorus, since the results 
obtained with the add phosphate treated pot cultures indicate that some 
benefit might have been derived from the phosphorus treatment. The cause 
for the poorer results seems to lie in the greater aridity produced. 

The root systems of the plants receiving 100 pounds of sulfur were, in general, 
more extensive than those of the plants in the check pots, but the roots of the 
plants in pots with higher sulfur applications were considerably less extensive. 
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TABLE 2 


Yields of tops of second crop of soy beans grown in orange grove soil for 6 weeks 


rOT .'TOMBER 

DRY 

WEIGHT 

or 

TOPS 

RELA¬ 

TIVE 

WFIOnT 

TRANS- 
PIRA- 1 
TIOM 
AND 1 
EVAPO¬ 
RATION 

AVER¬ 

AGE 

TIEIGHT 

NUM¬ 
BER OF 
PODS 

INITIAL 

REAC¬ 

TION 

FINAL 
REAC¬ 
TION 1 

REMARKS 

Treated with sulfur 

i 

gm. 


cr. 

cm. 


pn 

pn 


1 (check) 

3.0302 

100.0 

4150 

26.5 

10 

6.9 

6.6 


2 

2.9453 

97.3 

4170 

26.5 

15 

6.9 

6.5 


3 

2.1595 

71.4 

3710 

21.0 

2 

6.6 

6.3 


4 

2.2741 

75.1 

3535 

21.0 

6 

6.6 

6.1 

Slightly injured 

5 

2.0000 

66.0 

3305 

21.5 

5 

6.2 

6.0 

Strongly injured, cotyle- 









dons green 


Sulfur plus 300 pounds of rock phosphate 


6 (check) 

3.2750 


3875 , 

21.5 

11 

7.0 

6.7 


7 

2.9348 

89.6 

3710 

22.0 

ia 

6.9 

6.4 


8 

2.8441 

86.9 

3755 

23.0 

10 

6.8 

6.2 


9 

2.1642 

66.2 


22.0 


6.5 

6.1 


10 

■ 

41.1 

3080 

19.0 


6.1 

4.6 

Strongly injured, cotyle¬ 
dons green 


Sulfur plus 100 pounds of acid phosphate 


11 (check) 



3695 

24.0 

■1 

7.0 

6.7 


12 

3.2712 

108.1 

4030 

26.5 

mm 

6.9 

6.5 


13 

MKiiH] 

84.0 

3480 

23.0 


6.8 

6.3 


14 

2.4882 

82.5 

3505 

23.0 


6.6 

6.1 


15 


63.3 

s3235 

21,5 

IB 

6.2 

5.8 

Injured, green cotyledons 


Inoculated suKur applied in moderate quantities, therefore, might aid the 
plants to get hold of more plant food through stimulation of root development. 

The number of nodules increased with the application of 100 pounds of sulfur 
but decreased considerably if greater quantities of sulfur were employed. The 
size of these nodules increased with the decrease of their numbers. The rela¬ 
tive nxunber of nodules for the different cultures, placing the checks at 100, 
were as follows: 


CULTURE 

NUMBER 

NODULES 

CULTURE 

NUMBER 

NODULES 

CULTURE 

NUMBER 

NODULl'S 

1 

100 

6 

100 

11 

100 

2 

120 

7 

150 

12 

120 

3 

100 

8 

100 

13 

120 

4 

80 

9 

80 

14 

100 

5 

20 

10 

10 

15 

60 
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The decrease in numbers of nodules for the plants receiving acid phosphate 
were not as great as for the plants without phosphate, and this can be attributed 
to the available phosphorus since the plant receiving rock phosphate decreased 
in numbers in the same maimer as without phosphorus, and although the actual 
acidity of culture 5 was even much less than of culture 15, more nodules wore 
produced in the latter. The numerical decrease of the nodules is undoubtedly 
due to the sulfate formation and the consequent increase of acidity. 

VEGETATION EXPEIUMENTS Wlin SOIL 2 

Similar eicperiments were made with soil 2, which was poorer in nitrogen 
and mineral food constituents. Soy beans were planted in the same manner 
as has been previously described, and sulfur, rock phosphate and acid 
phosphate employed at the same rates. 

The changes in acidity were in this case quite similar to the changes in series 
I. After 3 weeks the plants were, in general, much poorer than the plants 
grown in series I. The leaves of nearly all plants had yellow spots, and some 
of them were more or less drooping. The general appearance and average 
height were considerably inferior after 6 weeks when 3 of the 6 plants from 
every culture were harvested, than was the case with plants grown in soil 1. 
The effect of sulfur was more pronounced and cultures receiving 1000 pounds of 
sulfur per acre were severely injured. 

The soil responded far better to the treatment of phosphorus than the soil 
which had received fertilizers for the last 30 years. The cultures receiving 
rock phosphate produced, in general, higher yields than the cultures to which 
sulfur alone was added. In all cases again sulfur applications of 100 pounds to 
the acre gave slightly increased yields, while the others produced less dry 
weight. 

All plants were scored for general appearance, yellowness and stockiness 
before harvesting. The scores show even more clearly than the dry weights 
of the plants that all cultures receiving 100 pounds of sulfur were better looking, 
greener and less spindling thair the check plants or the plants grown in pots 
which received higher a])))lications of sulfur. 

A comparison of the nodules and root system brought out more definitely the 
same facts as were found in soil 1. The extent of the root system and also 
the number of nodules dccrca.sed with the increase of the sulfur applications, 
except on plants in cultures 2, 7, and 11, which were relatively greater. 

Here again, a second aop of soy beans was planted in the same pots and all 
applications of sulfur, rock phosphate and acid phosphate were repeated. 

The hydrogen-ion concentration in this second-aop experiment was con¬ 
siderably higher than in the case of the second crop on soil 1. The highest 
concentration was again found in culture 10, which received 300 pounds of rock 
phosphate to the aae besides 1000 pounds of sulfur. A number of the cultures 
were apparently less acid after 6 weeks than at the «id of 5 weeks. 
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Notes taken a few days before harvesting show that the cotyledons of the 
cultures receiving 300 and 500 pounds of sulfur had in nearly all cases been dried 
out or dropped, while cultures receiving higher applications of sulfur had still 
dark green cotyledons. Culture numbers 3, 8 and 13 seemed most mature, 
while culture numbers 5,10 and 15 were severely injured. 

The dry weights and other data secured from the second crop are given in 
table 3. 

TABLE 3 


Yidds of tops of second crop of soy beans grown in soil receiving no fertilizers for more than 

30 years 


POT 

NUMBER 

DRY 
WEIGHT 
OP TOPS 

j 

RELATIVE 

WEIGHT 

TOTAL 

TRANSPI¬ 

RATION 

AND 

evapo¬ 

ration 

average 

UEZ6RT 

NUM¬ 
BER OP 
PODS 

INITIAL 

REAC¬ 

TION 

PINAL 

REAC¬ 

TION 

REMARKS 

Treated with sulfur 


gm. 


cc. 

cm. 


m 

P33 


1 

2.5990 

100.0 

3800 

21.5 

5 

6.7 

6.5 


2 

2.4328 

93.6 

3500 

21.6 

5 

6.7 

6.2 


3 

2.2447 

86.5 

3245 

22.0 


6.5 

5.0 


4 

1.9295 

74.3 

3110 

19.0 


6.0 

4.9 


S 

1.1808 

45.4 

2595 

16.5 

1 

5.3 

4.0 

Two plants bloomingj 









strongly injured 


Sulfur plus 300 pounds of roch phosphate 


6 

2.3855 

100.0 

3665 

22.0 

9 

6.9 

6.3 


7 

2.3700 

99.5 

3345 

23.4 

8 

6.4 

6.0 


8 

2.1425 

90.1 

3435 

21.5 

4 

6.3 

6.0 


9 

1.9261 

80.8 

2880 

19,0 

7 

6.3 

5.5 


10 

1.1520 

48.4 

2715 

13.5 

2 

6.1 

3.8 

Strongly injured 


Sulfur plus 300 pounds of acid phosphate 


11 

2.2160 

100.0 

3395 

21.5 

10 

6.7 

6.4 


12 

2.5500 

114.6 

3445 

24.2 

10 

6.6 

6.1 


13 

2.1645 

97.4 

3330 

22.4 

8 

6.6 

6.0 


14 

1.9410 

87.3 

3545 

19.0 

7 

6.3 

5.7 


15 

1.9863 

89.2 

3320 

18.5 

5 

6.3 

4.5 

Medium injured 


It is apparent that plants grown in soil receiving acid phosphate in addition 
to sulfur were best. The whole series which received rock phosphate in 
addition to sulfur were poorer than the cultures receiving sulfur alone. The 
acidity produced in these pots did not seem to be enough to make the rock phos¬ 
phate available, although some of the injury to the plants can be attributed 
to the acidity. Still this does not explain thephenomenainfull. Itis very like¬ 
ly, therefore, that the relatively high amounts of sulfates formed were harmful or 
prevented the plants from taking up the necessary food constituents. The results 
with this soil poor in nitrogen and mineral food constituents brings out clearly 
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the fact that the acidity produced was not able to supply greater quantities 
of the necessary plant food elements. 

The nodule foimation was also influenced by the addition of sulfur, as can be 
seen by a relative comparison. If the chedc plants are placed at 100, the 
following figures were secured: 


COLTURI 
NUMBl R 

NODtJir*? 

CCLTURP 

MtJMBLR 

KODULLS 

CULTURE 

NUICBCR 

KODULTS 

1 

100 

6 

100 

■n 

100 

2 

100 

7 

150 


100 

3 

60 

8 

110 


90 

4 

30 

9 

80 


70 

5 

5 

10 

0 

im 

60 


Sulfur added in large quantities depressed the formation of nodules con¬ 
siderably. The phosphate together with sulfur seemed either to have no 
influence, or were rather depressing. This may be seen if the relative 
numbers of nodules produced on the roots of plants to which sulfur alone was 
given are compared with the nodule formation on roots of plants which received 
phosphate in addition. 


CULTURl' 

KUMBTR 

NODULtS 

curTURF 

NODULES 

CULTURr 

NUICBCR 

NODULES 

2 

100 

7 

80 


90 

3 

100 

8 

70 


90 

4 

100 

9 

100 

14 

60 

5 

100 

10 

0 

15 

100 


This seems to point toward a certain degree of stimulation by small additions 
of sulfur, but depression when the acidity produced becomes too great. 

nxnnniMENTS in sand cultures 

The acidity produced by moculated sulfur in the soil cultures seemed 
insufficient to attack the rock phosphate added. 

To test out whether or not a similar phenomenon of sulfate production from 
inoculated sulfur in the presence of rock phosphate could be intensified 
whereby the phosphorus would become more rapidly available, and to deter¬ 
mine the effect of this intensified process on plant growth, soy beans were 
grown in washed quartz sand, using Shivers nutrient solution (R®C®) as a basis. 

Florida soft rock phosphate was substituted for the phosphorus of the nutri¬ 
ent solution. The rock phosphate and inoculated sulfur had been mixed 
about 6 weeks previous to the application, kept in tumblers in an incubator, 
and tested for accumulation of acidity and for formation of sulfates. From 
these tests it was apparent that sulfur oxidation had begun. The mixture was 
added at the rate of 2 tons per acre which supplied approximately the calcu¬ 
lated amount of phosphorus in the check (Shivers R®C? solution) cultures. 
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Hydrogen-ion concentration determinations were made at the beginning 
of the experiment and regularly at the end of each week during the period in 
which the plants were growing. 

The results obtained are given in table 4. 

The inoculated sulfur with the rock phosphate mixed previous to the appli¬ 
cation which was substituted for the phosphorus in the cultural solution, had, 
at the end of 6 weeks, produced a fair growth of these plants. In the cases 
where inoculated sulfur was added the high acidity had killed the plants after 
about 14 days. The soy bean plants grown in Shive’s nutrient solution to 
which inoculated sulfur was addded made a good growth at first, but in 3 
weeks the plants, which untill then had survived, died. The roots were dark 
brown, wiA the appearance of being burnt. 

Sulfur oxidation went on rapidly in the cultures to which the inoculated 
sulfux rock phosphate mixtures were added, as is indicated by the lowering 
of the pH values. Adding inoculated sulfur only to Shivers nutrient solution 


TABLE 4 

Results of growing soy bean plants in sand cultures for 6 weeks with inoculated sulfur and rock 
phosphate^ and SIMs RkC 2 solution as a basis 


COtTUBJC 

ITOMBER 

TaiXATMENT 

WLIGHT 

or TOTS 

AVERAOn 

LENGIH 

NU1CBC& 

or PODS 

IKIIIAL 

RX^ACTIOK 

ITKAL 

REACTION 



Sm, 

cm. 


pB 

pu 

1 

None 

0.850 

8 

nioom 

5.8 

6.8 

3 

Rock phosphate 

1,454 

11.5 


5 4 

6.6 

5 

R5C2 

3.610 


4 

5.3 

6.6 

6 

RsCa, rock phosphate 

2.223 1 

15.0 

2 

5.0 

6.4 

8 

R 6 C 2 , inoc. sulfur, rock 

0.600 

Dead 


4.7 

2.9 


phosphate 






14 

RsC 2 , inoc. sulfur 

0.811 

Dead 


5.2 

4 3 


had also a decided influence on the lowering of the pH value, but no such great 
differences occurred as in the cultures to which previously mixed inoculated 
sulfur was added. This could be expected since sulfur oxidation had already 
begun in the mixture. Nevertheless, the plants grown in all cultures were 
killed in a comparatively short time. In the cases were no sulfur was added 
the plants made the soil solution less acid, bringing it nearly to the neutral 
point. This corresponds with the experiences in culture solutions where a 
similar phenomenon takes place. The changes in hydrogen-ion concentration 
were regular as is shown by the pH determinations, which were made at 
definite intervals. 

Apparently not sufficient acidity was produced in the soil cultures, since the 
acidity at which the phosphorus of the rock phosphate becomes soluble had not 
yet been reached. In the sand cultures this point was reached, but the plants 
were not able to survive. The fact that very little or no phosphorus is changed 
into a soluble form, has been found in the studies reported in another paper of 
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this series. To find the exact acidity necessary to change the Florida soft rock 
phosphate used in these experiments into soluble a curve was constructed 
from readings of pH values obtained by adding different amounts of 0.1 
normal and normal sulfuric acid to the rock phosphate. 

Ten grams oE rock phosphate were shaken with definite amounts of sulfuric 
acid for 2 hours in a shaking machine and left standing overnight. An 
aliquot of the supernatant liquid was then drawn off and the hydrogen-ion 



Fig. 1, Ghawt Showing xxm IIyorogln-Ion Concentration at Which Rock Phosphate 

Becomes Avaiiabu: 

determinations made. At the critical point sufficient determinations were 
made to check up all points obtained. The results are graphically shown in 
figure 1. 

The curve shows that the phosphorus of the rock phosphate becomes 
rapidly available when a point is reached between pH 3.1 to 2.8. 

Since under ordinary circumstances not sufficient acid is produced in the soil 
it is very doubtful whether greater beneficial effects can be expected from a 
mixture of rock phosphate and sulfur, which have not been composted, previous 
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to the application, long enough so that most of the sulfur is transformed into 
sulfates and which has reacted with the phosphorus of the rock phosphate. 
It is very likely that the free acid produced by the sulfur oxidation is harmful 
to plant growth, more than the total amounts of sulfates or the so-called total 
acidity. Beneficial effects might be derived from inoculated sulfur which has 
not been composted with rock phosphate but mixed with the rock phosphate 
before applications are made, and when applied in small quantities, if the soil 
is in need of sulfur so that plant growth is stimulated. The plants under 
observation seemed to be stimulated by the sulfur to make more extensive 
root systems and thus would be able to take up greater amounts of plant food 
from the soil solution or from the slowly available rock phosphate present. 
At the same time the acidity produced would be not too intensive to be harmful 
to the normal development of roots and tops. Tt seems, however, more safe 
to compost the sulfur rock phosphate some time before application until 
most of the sulfur is converted into sulfates and has reacted with the phosphorus 
of the rock phosphate, in order to avoid the injurious effects. 

BIOLOGICAL KXPERIMKNTS WITH SOIL 1 

In several instances it has been reported that sulfur and sulfates exerted a 
stimulating influence on bacterial growth. The possibly inadequate supply of 
sulfur in soils is apt to influence the microbrganisms, and following the addition 
of certain quantities of it, a change in the biological flora can be expected. 

The work reported in this part of the paper was mainly carried out to study 
the change in bacterial numbers and but slight attention was paid to the occur¬ 
rence and determination of different species. 

The amounts of sulfur added are given in table 5. During the incubation 
period hydrogen-ion concentration determinations of the soil water extract 
were made at frequent intervals. It was found that in all cases the hydrogen- 
ion concentration became greater until a certain point lyas reached, from then 
on the movement was back toward the neutral point. This turning point was 
reached in all cases before or between the ninth and the eleventh week of in¬ 
cubation. It should be remembered that no plants were growing in these 
tumblers. It seems, therefore, that the sulfates formed reacted with the soil 
constituents, bringing the soil solution back to a certain equilibrium. This 
phenomenon is even more dearly demonstrated by the curves shown in figure 2. 

Bacterial numbers were determined by the plate method, using Lipman and 
Brown’s synthetic agar, at the beginning of the experiment and after 6,12 and 
18 weeks. The numbers in thousands per gram of soil arc given in table 5. 

The bacterial numbers in the untreated soil remained about constant during 
the incubation period. The biological flora in the soils treated with amounts 
of sulfur up to 1500 poimds per aae seemed to be stimulated for the first 6 
wedcs, but the numbers in soils treated with greater quantities diowed a rapid 
decline. The higher the applications of sulfur and consequently the higher the 
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Fio. 2. Curves Showing Changes of Hvdrogen-Ion Concentrations of Son. 1 
Treated with Different Amounts of Inoculated Sulfur 


TABLE 5 

Bacterial numbers in soil 1 treated with inoculated sulfur 


CVtTtnUS NtlMBIka 

BlTtPUa D 

Bira Acax. 

KUVBCa OF BACTClUA PER ORAM OF 80XX. 

Initial 

I After 6 weeks 

After 12 weeks 

After 18 weeks 


lbs. 

thousands 

thousands 

thousands 

thousands 

1 

None 

3.280 

3.195 


3.150 

2 

100 

3,240 

2.520 


3.475 

3 

300 

3 190 

3.470 

3.615 

3.S3S 

4 

500 

3.200 

4.470 

3.325 

3.225 

5 

1000 

3.195 

4.100 

3.165 

3.100 

6 

1500 

3.260 

3.600 

2.720 

2,950 

7 

2000 

3.240 

2.675 

1.840 

1.950 

8 

2250 

3.275 

2.390 

1.415 

0,850 

9 

2500 

3.260 

1.935 

1.345 

0.550 

10 

3000 

3,235 

1,405 

0 765 

0.450 

11 

3500 

3,250 

1.390 

0.560 

0.350 
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amounts of acidity produced, the more sulfates there were formed, the fewer 
colonies were counted on the agar plates. After 12 weeks much of the stimu¬ 
lating effect seemed to be lost in the cultures which had previously produced 
increased numbers. Applications of 100 and 300 pounds of sulfur to the acre 
seemed somewhat consistent in the production of higher numbers, but the 
decrease was very marked in the cultures receiving from 2(X)0 pounds upward. 
The numbers in the cultures to which 3500 pounds of sulfur per acre was added 
had at the end of 12 weeks but slightly more tlian one-sixth of the original 
numbers. There is no doubt, however, that the depression of the original 
biological flora was accompanied by an extraordinary increase in suKur- 
oxidizing organisms, but since these organisms do not reproduce on ordinary 
agar plated, or at least cannot be counted in the ordinary ^vay on account of 
their extremely small size, no estimation of their numbers could be made. 

After 18 weeks of incubation the amounts of suKur oxidized were greater for 
all cultures which received the liighcr applications, but the movement of the 
hydrogen-ion concentration was still farther toward the neutral point. The 
numbers of colonies counted on agar plates increased in two cultures, while 
others showed a greater decrease. Cultures to which 3500 poimcls of sulfur 
were added had at the end of 18 weeks but slightly more than onc-tcuth of the 
original numbers present. 

After 24 weeks the majority of the cultures had reached tlie neutral point. 

* 

StJMMARY 

Small amounts of inoculated sulfur had little or no influence upon the change 
of the hydrogen-ion concentration of soil I, which had received fertilizers for 
about 30 years, but additions of larger quantities lowered the pll values. 

The influence of suHur oxidation was greater in soil 2, which had received no 
fertilizers for 33 years, and which was poorer in nitrogen and mineral plant food 
constituents than was soil 1. 

Hydrogen-ion concentration increased nearly proportionally to the sulfur 
application. 

Soils receiving rock phosphate in addition to the sulfur had usually higher 
hydrogen-ion concentrations than the soils in the pots receiving sulfur alone. 

Soy bean plants, grown in soil treated with inoculated sulfur, were stimulated 
by small additions of sulfur, but were injured by larger additions. 

Sulfur with add phosphate in addition produced best soy bean plants, while 
the series receiving rock phosphate in addition were poorest. 

The root systems of these soy bean plants were stimulated by small quan¬ 
tities of sulfur, but dq>ressed by larger amounts. 

Nodule formation seemed to be stimulated with small amounts of sulfur, but 
decreased numerically with the increase of the quantities of sulfmr applied. 

The phosphorus of Florida soft rock phosphate used in the experiments 
becomes available when a point in hydrogen-ion concentration between pH 
values 3.1 to 2.8 is reached. 
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The acidity produced by the oxidation of sulfur in these soils was not 
sufScient to render appreciable amounts of phosphorus more available, although 
the acidity produced was harmful to the soy-bean plants. 

It is dxown in sand cultures, that if sufficient acidity is produced to make the 
phosphorus available, the plants are killed. 

Doubt is expressed whether greater beneficial effects can be expected from 
phosphate and inoculated sulfur mixtures, which have not been composted 
long enough previous to the application so that the sulfates and free acid formed 
have reacted with the phosphorus of the rock phosphate, than rock phosphate 
alone, unless the soil is in need of sulfur. 

The hydrogen-ion concentration became greater in the uncropped soil with 
sulfur additions, until a certain point was reached; from then on the movement 
was back toward the neutral point. 

The biological flora, expressed in numbers counted on agar plates from soil 
infusions, was slightly stimulated by small sulfur applications, but considerably 
depressed with larger amounts. 

The formation of sulfates was influenced by the water content of the soil. 
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Tio 1 Soy BrAN Biwrs Gkown in Soil \\hich II vd Not Rlceived rmiiuzEES roK 
30 Ylaks, Sun UR Alone Added. No. 1 is Check 



Tig 2 So\ Bi ans Pxanis (iKOwn in Sort Wmcrx Had Been Fertili^id tor More 
Tuan 30 Yiars to WmcH Suliur Alone was Added. No. 1 is Check 
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INTRODUCTION 

Before presenting experimental data it may be well to indicate the extent 
to which phosphatic limestone occurs, the quantities of phosphate held in 
it, and the significance which would attach to a method for profitable utiliza¬ 
tion of this source of phosphatic fertilizer. 

RELATION BETWEEN PHOSPHATIC LIMESTONE AND PHOSPHATE ROCK 

The brown phosphatic limestone from central Tennessee consists essentially 
of nodules of apatite varying in size from very fine dust to particles that will 
not pass a 20-mesh sieve, held together by a matrix of limestone, principally 
calcium carbonate. Where conditions have been favorable, the carbonates 
have been removed through solution in carbonated water and the much less 
soluble tricalcium phosphate is left but little affected except for the inevitable 
rounding off of sharp comers during the weathering process and except, also, 
for the deposition upon their surfaces of iron and aluminum oxides. This 
iron and aluminum existed in small amounts in the rock from which the phos¬ 
phate has separated and the result of the weathering has been, through the 
removal of lime carbonate, a concentration, not only of the lime phosphate, 
but also of the iron and aluminum. Other substances, such as silica, which 
existed in the limestone and which are but slightly soluble in grotmd water 
remain mixed with the phosphate rock and reduce the Iricalcium phosphate 
content to about 80 per cent or less. It sometimes happens, after the “brown 
rock'^ has been liberated from the limestone and concentrated, that it is more 
or less loosely bound together again by some cementing material which causes 
it to cohere in chunks of varying degrees of hardness when mined. These 
chunks will hold together well enough so that they can be built into piles over 
wood which is burned for the purpose of driving off moisture. Very much 
of the brown phosphate rock, however, exists as a loose granular deposit which 
forms a mud with water and which is easily removed from the ground with a 
shovel. 

1 Paper No. 43 of the Journal Series, New Jersey Agricultural Experiment Stations, 
Department of Soil Chemistxy and Bacteriology. 

This paper will appear in Ruxobrs College Studies, vol. 1 . 
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Just why and how this phosphatic material came to be deposited with the 
limestone has not been de&nitely learned tliough it is supposed to have origi¬ 
nated from the remains of some form or forms of marine life, but, since all 
known deposits of '‘brown rock’’ in central Tennessee have come from phos¬ 
phatic limestone, these deposits, however extensive they may be, can exist 
only where conditions have been favorable for the dissolving action of ground 
■water without the removal of phosphate material by erosion. Naturally, then, 
these deposits arc limited in extent in comparison with the original limestone 
formation and, as a matter of fact, they are very limited in comparison with 
the still existing deposit of phosphatic limestone. 

In many places the over burden of soil and rock has been so thick or so im¬ 
pervious, or has in other ways so protected the phosphatic limestone that it 
has not permitted this leacHng. This condition still exists over extensive 
ureas of the central basin of Tennessee and a study of any geological map of 
the area will show how extensive is this geological formation. Under this con¬ 
dition the phosphatic limestone may be covered by a thick layer of soil and 
rock or it may lie near the surface. 

There are stiU other large areas where, during the most recent geological 
years, extending to the present time, erosion has been more than keeping pace 
with the removal of limestone by leaching. Where this erosion has not been 
so extensive as to remove the limestone itself in addition to what phosphate 
rock may have been liberated, the phosphatic limestone is left at or near the 
surface. A geological map shows that areas of this nature are also much more 
extensive than are the areas of workable deposits. It may reasonably be that 
the overlying strata have protected much of this limestone from leaching so 
that very little phosphate has been liberated. In this case the limestone has 
remained nearly or quite intact while it has continued to be uncovered by 
erosion. 

In addition to the areas which exist under these two general conditions, 
there is also a considerable amount of phosphatic limestone which exists in or 
together with the workable deposits of phosphate rock. Rarely ever has the 
solution of limestone been complete. Even in those places where there are 
the best deposits of brown phosphate rock there exist unlcachcd boulders and 
ledges of limestone termed "chimneys” or "horses” by the miners. Figure 1 
shows the appearance of this limestone in a mine near Columbia, Teimessee 
after the phosphate rock had been removed. 

The quantity and extent of the phosphatic limestone is many times greater 
than that of the phosphate rock. The quantity of phosphorus still locked up 
in the limestone in excess of that found in tlae rock phosphate deposits is 
roughly proportional to the excess of area stiU occupied by the phosphatic 
limestone over that occupied by the phosphate rock deposits. 

Although new deposits of phosphate rock are still being foimd and opened 
up, the demand for the product has increased to such an extent that the 
methods of mi n ing and purif 3 ring the phosphate have several times been 
improved to recover larger and larger percentages of the deposit. 
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PATENTS FOR THE UTILIZATION OF PHOSPHATIC LIMESTONE 

Two patents (no. 971830 and no. 13302) aiming at the utilization of phos- 
phatic limestone for fertilizer purposes have been taken out in tliis country. 
The plan of these patents is to make the phosphorus available to plants by 
burning phosphatic limestone at a temperature suJEciently high to drive off 
carbon dioxide and then slaking to break up the mass into a fine state of 
division. It has been claimed that this treatment, by breaking the phos¬ 
phate nodules into a very fine state of division would make the phosphorus 
available. 

More recently (2) a very similar German patent, no. 321776, has been 
granted. In this case a mixture of limestone and phosphate rock is burned. 

Since limestone, heated to a temperature sufficient to drive off carbon di¬ 
oxide slakes readily and reduces to a very fine powder, it remains only to de¬ 
termine how the phosphate in the phosphatic limestone is affected; to find 
out whether this too is pulverized, made porous or in any way made more 
available to plants. 

During the summer of 1920 visits were made to a number of the worked 
phosphate deposits of central Tennessee and samples of phosphatic limestone 
were taken from several localities where there seemed to be an abundant 
supply of it easily accessible. 

METHODS 

In accordance with the method oulined in the American patents, quantities 
of these samples were broken into small pieces having a thickness of two inches 
or less and burned for ten hours at the full heat of a good gas furnace capable 
of holding sue or eight pounds of the limestone when piled loosely with the 
muffle removed. The muffle was replaced by thin fire brick so that there was 
a reverbratory action of the flame. At the end of ten hours the lime was 
removed from the furnace and water was added to it while it was still hot 
and would .slake readily. Only enough water was added to leave a compara¬ 
tively dry powder when the slaking was complete. 

This material, used in the tests reported below, was, for convenience, 
designated in the tables by the abbreviation HP and for brevity in discussions 
has been termed “hydrophos.” 

Under the treatment given, practically all of the carbon dioxide was driven 
off, as acid test showed, and the whole rock was reduced to what appeared from 
a superficial examination to be only hydrated lime. A siftmg test diowed, 
however, that a certain amount of it would not pass a 40-mesh sieve. One 
sample whidh had received the above treatment was rubbed well in a mortar 
with a rubber pestle. A sifting test of this showed about 12 per cent of the 
entire weight to be held on a 40-mcsh sieve, 42 per cent on 100-mcsh sieve, 
18 per cent on a 200-me8h sieve and 28 per cent passing a 200-medi sieve. 
Miaoscopical examination of the granules held on each of the sieves showed 
them to be coated with much finer particles of hydrated lime. 
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Another sample, after burning and slaking, was sifted and analyzed for the 
phosphorus content of the different separates. The results of the sieving and 
the analyses are shown in table 1 from which it may be seen that the composite 
sample after burning and slaking contained 23.5 per cent P^Os equivalent to 
51.35 per cent Ca 3 (P 04 ) 2 .® 

Microscopical examhiation in this case also showed hydrated lime adhering 
to all of the granules and yet the separates which did not pass a 100-mesh sieve 
contained more than one-half of the total phosphorus. The finer granules 
present a larger surface per unit weight to which hydrated lime may adhere. 


TABLE 1 

Sieving tests and phosphatic content of the separates from a sample of burned and hydrated 

phosphatic limestone 


SIZE or PASnCLES IN SETAIUTES 

WEIGHT OP SEPARATE 

PsOilN 

SEPARATE 

P^Os AS 
FRACTION 

OF TOTAL 
WEIGHT 

FRACTION OF 
TOTAL PaOs 

Held by sieve 

Passing sieve 



gm. 

per cent of total 

percent 

percent 

per cent 

40-mesh 

20-mesh 

25.9260 

24.60 

29.90 

7.355 

31,28 

100-mesh 

40-mesh 

23.6708 

22.46 

29.20 

6.558 

27.89 

200-mcsh 

100-mcsh 

13.3710 

12.69 

28.40 

3.604 

15.33 


200-mesh 

42.4100 

40.25 

14.90 

5.997 

25.50 

Totals. 

105.3778 

100.00 


23.514 

100.00 


TABLE 2 

Analysis of granular separate frofn hirned and hydrated phosphatic lime-stone held on a 200^ 
mesh sieve and thoroughly washed to remove free lime 


CONSTITUENT 

CONTENT 

Moisture at 100®C... 


Total PjOs [equivalent to 82.08 per cent Cas (POOsl. 

Total CaO. 

Total KaO. 

Iron oxides... 

Aluminum oxides... 

Silicon. 



This is probably sufficient to explain the fact that the finer separates contain 
a higher percentage of lime and a lower percentage of phosphoric acid. The 
separate passing the 200-mesh sieve, of course, contained a very large amount 
of hydrated lime not adhering to phosphatic granules. Evidently there has 
been little, if any, pulverizing of phosphate granules by the process of treat¬ 
ment, for the phosphoric acid passing a 200-mesh sieve was but one-fourth 
of the entire quantity, an amount which may well have existed as granules of 
this degree of fineness in the untreated limestone. 

* Chemical analyses, unless otherwise slated, were made by Wiley & Co., commercial 
chemists located in Baltimore, Md. 
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A sample of the burned and hydrated product passing a 40-mesh sieve and 
held by a 200-mesh sieve, after thorough washing and repeated rubbing with 
a soft rubber pestle to remove as much of the fine lime as possible, when dried 
and pulverized to pass a 100-mesh sieve, diowed an anal 3 reis of 37.6 per cent 
of PaO? which is equivalent to 82.08 per cent of tricaldum phosphate. This 
product has been designated by the abbreviation TP (“thermophos”) and was 
used in scries A of the following tests. A partial analysis of it showed the 
results presented in table 2. 

Microscopical and chemical examination of samples of burned and hydrated 
phosphatic limestone revealed no difference due to differences in the length of 
time of burning, so long as the temperature was high enough and maintained 
long enough to drive off all of the carbon dioxide. 

CULTURE EXPERIMENTS 

Chemical and microscopical tests all giving negative results on the value 
of the material, it remained for culture experiments to show what results 
might be expected from its field use. 

Sand CullMres, Series A 

It was thought that results from sand cultures might be influenced less by 
factors not under control. Accordingly 138 cultures were prepared in 1-gallon 
stone jars holding 5 kgm. quartz sand which had been washed with running 
water to remove fine material, rinsed with distilled water and finally air dried. 
This sand had a water holding capacity of 24.48 per cent of the weight of the 
dry sand and during the growing period of the cultures the moisture content 
of the sand was kqit dose to 60 per cent of its water holding capadty (733 
cc. per jar) by frequently weighing and adding the necessary amount of dis¬ 
tilled water. Six of the cultures were treated with sulfur without beneficial 
effect and are not reported here. 

Soy beans of the Edna variety were transplanted to these jars, six plants 
to a culture on October 30,1920. The number of plants per jar was reduced 
to three on November 30 and the final harvest was made on December 29. 
Weights were taken on the plants harvested November 30, but the results 
showed no significance which was not more strikingly shown in the results of 
the second harvest and, therefore, will not be reported. 

On December 8, about six weeks after planting, solution was drawn from the 
bottom of each jar and its hydrogen-ion concentration determined by the 
colorimetric method. The pH values obtained varied from 5.0 to 8.5, but there 
was no rdation between these values and yields or availability of the phos¬ 
phate fertilizers. 

With the following explanations the treatment of each of the cultures, 
as indicated in table 4 and the accompanying foot notes, will be easily under¬ 
stood. Except for the last 8 cultures (131-138), all the essential p]^t food 
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elements were added in the form of salts in solution. The salts used and the 
quantities of half molecular solutions per liter of the 733 cc, of moisture 
added to each jar at the beginning of the experiment were as shown in 
table 3, 

The quantities of salts used and the volume of water added at the begin¬ 
ning were such as to make a solution having an osmotic pressuse value of 
about two atmospheres. 

As a basis for the quantities of phosphorus to be applied, acid phosphate 
analyzing 17.8 per cent total P^Os was applied in four different quantities 
equivalent to 200, SOO, 1000 and 2000 pounds per 2,000,000 pounds of sand. 
Where phosphate fertilizers of other forms were used they were added in 
quantities which would supply the same amounts of phosphorus. 

Burned and hydrated phosphatic limestone pulverized to pass a 100-mesh 
sieve contained 23.85 per cent of total P2O5 and 33.5 per cent of Ca(OH )2 while 
the product obtained by sifting the unpulverized hydrated product through 
a 200-mesh sieve contained 13.76 per cent P2O5 and 51.29 per cent of Ca(OH)2. 
For the purpose of comparison certain cultures without phosphorus and certain 


TABLE 3 

Nutrient salts and the amounts used in the sand cultures with soy beans 


M17TK1EKT SALTS T7SED 

0 5 u soLunoK 

PER LITER or 
SOLUTION ADDED 

AT START 

WEIGHT or SALTS 
TER JAR 


ec. 

gm. 

MgS04. 

40.60 

1.79 

KNOi. 

34.84 

1.29 

Ca(N08)2 ..... 

5.08 

0.31 





others with each of the forms of phosphate fertilizers other than the alcove 
were treated with hydrated lime in amounts equal to those contained in 
corresponding treatments with the above phosphate products. These facts 
are indicated in table 4 by the abbreviations HL^ — HL* and HL** — HL*. 

Calcium cabonate in the form of a high grade limestone pulverized to pass 
a 100-mesh sieve and in amoimts equal to those found in the four quantities 
of pulverized phosphatic limestone used, was added to some of the jars without 
posphorus and to some of the jars receiving each of the other forms of phos¬ 
phatic fertilizers except burned phosphatic limestone 

As a check to see whether or not the burning of rock phosphate would cause 
it to have the same effect upon crop production that the burning might cause 
the phosphate in the limestone to have, a quantity of floats was burned for 
10 hours at a temperature of about 800®-1000®C. and used in comparison 
with the other phosphates. 

Since there seemed to be but little, if any, difference in yields when different 
quantities of the same phosphate materials have been used, yields for the 
treatments with the same materials have been averaged together as reported 
in table 4, 
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The probable error (1) of the relative yield values in tables 4 and 5 has 
been calculated in each case upon original weights of individual plants by the 
formula 

p.e. = 0.6745 - 7 — ,, 
n(n-l) 

The probable error of the percentage increases has been calculated in each 
case upon original weights by the formula for probable error of difference 

p.e. = el - e* ± V(a*)* + (a»)> 

Symbols used in table 4 

GP, GL®, GL», GL* » ground limestone (88.41 per cent CaCOj) at rates of 0.1708,0.4270, 
0.8540 and 1.7800 gm. per jar furnishing calcium carbonate equal to that added to the jars 
in PL^ PL*, PL*, PL< respectively. 

HL^, HL*, HL*, HL* » hydrated lime (97.26 per cent Ca(OH) 2 ) at rates of 0.1402,0.3506, 
0.7011 and 1.4023 gm. per jar, supplying Ca(OH )2 equal to that added in HPS HP*, HP*, 
HP*. 

HL*, HL*,IIL^, HL* « hydrated lime at rates of 0.5045,1.2612,2.5224 and 5.0449 grams 
per jar supplying Ca(OH) 2 slightly in excess of that added in HP*, IIP*, HP^, HP*. 

PL^, PL*, PL*, PL* “» phosphatic limestone (21,76 per cent total P 2 OS) pulverized to pass 
a 100-mesh sieve and used in quantities supplying phosphorus equal to that added in AP^, 
AP*,AP*,AP*. 

HP^ HP*, HP*, HP* burned and hydrated phosphatic limestone (23.85 per cent total 
P 2 OO pulverized to pass a 100-mesh sieve and used in quantities $uppl 3 dng phosphorus equal 
to that added in AP^, AP*, AP*, AP*. 

HP*, HP*, HP^, HP® » the fine separate passing a 200-mesh sieve from burned and 
hydrated phosphatic limestone (13.76 per cent total P 2 O 6 ) used in quantities supplying 
phosphorus equal to that added in AP^, AP*, AP*, AP*. 

TP^ TP*, TP*, TP* » phosphatic limestone, burned, hydrated, washed on a 200-mesh 
sieve, elutriated until nearly free from Ca(OH) 2 , pulverized to pass an 100-mesh sieve (37,6 
per cent total PaOs) and used in quantities supplying phosphorus equal to that added in 
APSAP*,AP*, AP*. 

RP», RP*, JRP*, RP* » floats (34,1 per cent total P20«) pulverized to pass a 100-mesh 
sieve and used in quantities supplying phosphorus equal to that added in AP^, AP*, AP*, AP*. 

RP*, RP®, RP’^, RP* ■« floats passing a 200-mesh sieve (33.25 per cent total Prf)*) used in 
quantities supplying phosphorus equal to that added in AP^ AP*, AP®, AP*. 

BRPi, BRP®, BR]^, BRP* *» floats (34.94 per cent total P 2 D#) pulverized to pass a 100- 
mesh sieve, burned for ten hours at about 800® to 1000®C. and used in quantities supplying 
phosphorus equal to that added in AP^ AP*, AP*, AP*. 

APi, AP*, AP*, AP* « acid phosphate (17.8 per cent total P20fi) used at the rates of 200, 
500,1000 and 2000 pounds per 2,000,000 pounds of dry sand, 

BS^ BS*, BS*, BS* « basic slag (18.25 per cent total PsOe) used in quantities supplying 
phosphorus equal to that added in AP*, AP*, AP*, AP*. 

Results of Series A 

From table 4 it may be observed that all the forms of phosphate produced 
some increase over growth obtained without phosphorus and without lime in 
some form, but none of the forms of phosphorus, except acid phosphate and 
basic slag, produced under any condition more growth than was obtained with 
ground limestone without phosphorus. 
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Wten used in addition to limestone or hydrated lime, neither “hydrophos” 
nor *'thennophos” proved to be of more value than rock phosphate. The 
larger amounts of hydrated lime (HL® — HL*) seem to have decreased plant 
growth, especially when used in addition to acid phosphate or basic slag. Cul¬ 
tures receiving acid phosphate except those to which the larger amounts of 
hydrated lime were added, produced two to four times as much growth as 
any other cultures except those treated with basic slag, while the correspond¬ 
ing cultures with basic slag produced one and two-thirds to two and one-third 
times as much growth as cultures treated with any other form of phosphorus 
except acid phosphate, comparing always those cultures which receive like 
treatment in addition to phosphorus. In no case with any of the phosphates 
used other than acid phosphate or basic slag, was the inaease or decrease 
great enough or the probable error of difference small enough to indicate 
with any degree of certainty that the variation in 3 deld from that of the cor¬ 
responding culture without phosphorus was due to anything other than to in¬ 
dividuality in plant growth. 

The material prepared by simply burning and hydrating phosphatic lime¬ 
stone was not used with limestone sufficient to neutralize the soil acidity be¬ 
cause it was thought that the phosphorus from this source would be more 
available in an acid soil. It is not probable that the difference in yield with 
and without limestone would.have been greater than that for floats with and 
without limestone. 

Sulfur inoculated with sulfur-oxidizing organisms, was added to six cultures 
with the hope that the acid produced would dissolve phosphorus and make it 
available. The amount added was 0.0522 gram per jar, equal to one-fifth 
the quantity of floats (RP^) with which it was used in two of the cultures. 
None of the cultures so treated produced greater growth over the correspond¬ 
ing cultures without sulfur than may be accounted for by experimental error. 

Soil Ctdtwe, Series B. 

In addition to the sand cultures, another scries of cultoes was grown in 
soil. The soil was takea from the surface foot of a sassafras silt loam, from a 
Add which had not been fertilized for 30 years or more and had not been under 
cultivation for a number of years. It contained 0.098 per cent of total PaOs 
and had a lime requirement, according to the Veitch test, of 2000 pounds of 
CaO per 2,000,000 pounds of soil. Loss on ignition was 6.13 per cent and its 
hydrogen ion concentration at the beginning of the experiment corresponded 
to a pH value between 5.5 and 5.9. Its water holding capacity was found to 
be 46.86 per cent of the weight of the dry soil and during the growth of the 
cultures the soil was kqpt near 57 per cent of its water holding capacity. Dur¬ 
ing the first part of the experiment the cultures were weighed when water 
was added, but towards the end they were watered without weighing. 
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Series B was soy beans of the Edna variety, four plants to a culture, grown 
from April 30 to July 2, 1921, in 2 gallon jars containing 7500 grams of air 
dry soil. 

As in the sand culture series, acid phosphate was taken as the standard of 
phosphorus application, 400 pounds per 2,000,000 pounds of soil being the 
rate of application. Applications of other phosphate fertilizers were such 
that the amount of phosphorus added equaled that of the acid phosphate 
applications. 

One culture was left without fertilizer treatment of any kind while the others 
received combinations of lime and a fertilizer mixture supplying nitrogen and 
potassium. Each of the cultures was inoculated with the proper legume 
bacteria. Details as to the kind and amounts of salts used and also other 
details of treatment are given in footnotes to table 5. 

Symbols used in table 5 

GD, GL®, GL^ sa calcium carbonate (c.p.) used at rates of 1,000, 2,000 and 4,000 pounds 
of CaO per 2,000,000 poxmds of soil respectively. The Veitch test showed 2,000 pounds of 
CaO to be necessary to neutralize the acidity of 2,000,000pounds of the soil. 

MLS ml® « magnesium catbonate (c.p.) used at rates equivalent to 1,000 and 2,000 pounds 
of CaO per 2,000,000 pounds of soil. 

(CaSOOS (CaSOO* *■ calcium sulfate (c.p.) supplying Ca at rates equal to 1,000 and 2,000 
pounds of CaO per 2,000,000 pounds of soil. 

EN » potassium sulfate (c.p.) and sodium nitrate (c.p.) each used at the rate of 200 
pounds per 2,000,000 pounds of soil. 

E « potassium sulfate (c.p.) used at the rate of 200 pounds per 2,000,000 pounds of soil. 

NOs « sodium nitrate (c.p.) used at the rate of 200 pounds per 2,000,000 pounds of soil. 

NH 4 » ammonium sulfate (c.p.) used at the rate of 155 pounds per acre supplying nitro¬ 
gen at a rate equivalent to 200 poxmds of sodium nitrate per 2,000,000 pounds of soil. 

HP “hydrophos,” phosphatic limestone burned ten hours, slaked with water while 
hot, pulverized to pass an 100-mesh sieve (23.85 per cent total PjOs) and used without further 
treatment at the rate of 298 pounds per acre supplying phosphorus at a rate equivalent to 
400 pounds of acid phosphate per 2,000,000 pounds of soil. 

AP « acid phosphate (17.8 per cent total PaO#) used at the rate of 400 pounds per 2,000,000 
pounds of soil. Analysis showed the soil to contain .098 per cent total P205. 

RP « floats (34.1 % total PiOs) pulverized to pass an 100-mesh sieve and used at the 
rate of 208 pounds (equivalent to 400 pounds of add phosphate) per 2,000,000 pounds of 
soil. 

OM organic manure (fresh horse dung) used at the rate of ten tons per 2,000,000 pounds 
of soU. 

EP » potassium acid phosphate (EHj(P04)i, c.p.) used at the rate of 3264 pounds per 
2 ,000,000 pounds of soil. 

Cap « caldum add phosphate (CaH 4 (P 04 )s, c.p.) used at the rate of 2568 pounds per 
acre, supplying P^O# at 91.45 % the rate of 3264 poun^ of EHsP04}2 and supplying CaO at 
the rate of 615 pounds per acre, equivalent to 614 poimds of CaO per acre. 

Results of Series B 

The relative weights of dry tops for each treatment of series B are brought 
together in table 5 along wi A the probable error for each of them determined 
on the weights of individual plants. As indicated in table 5 these figures are 
in some cases averages of two cultures and in others they are of single cultures. 
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Percentage increase or decrease with probable error of difference has also been 
calculated on weights of individual plants. The pH values included in this 
table were determined on samples of soil taken from each jar at about harvest 
time. 

The response which this soil shows to heavy applications of phosphorus is 
indicated by the weight of culture 45, with 0.1623 per cent of KHsPOi, which 
produced the heaviest crop of all, and by the weights of cultures 43, 44 and 
46, also with large applications of phosphorus, which produced the nest 
heaviest yields, excepting only cultures 22 and 23 which were heavily fertilized 
with organic manure. 

As table 5 shows, there are six possible comparisons between cultures with¬ 
out phosphorus fertilizer and cultures receiving “hydrophos.” There are 
fom: similar comparisons possible for the effect of rock phosphate. In these 
ten comparisons the relation between percentage increase and the correspond¬ 
ing probable error of difference is such that in only one case is there so much 
as an even chance that either “hydrophos” or rock phosphate used at rates 
equivalent to 400 pounds of add phosphate per acre produced an increase in 
growth. Add phosphate produced increases large enough to be beyond ques¬ 
tion of doubt. 

Barley Cultures, Series C 

A third series of cultures consisted of barley grown in soil from the same 
source as that used in series B. Add phosphate was used in amounts equiva¬ 
lent to 200 and to 400 pounds per 2,000,000 pounds of soil and both “hydro¬ 
phos” and floats were used in corresponding amounts. The results obtained 
agreed with those from series A and series B in showing a dedded increase in 
growth from acid phosphate, but no decided effect from either “hydrophos” or 
rock phosphate. Figure 3 shows a few cultures from this series the treatment 
of which varied only in phosphate fertilizer. 

CONCLUSIONS 

1. Burned and hydrated phosphatic limestone is considerably inferior to 
add phosphate as a fertilizer dther in sand cultures or in soil cultures. 

2. The amount of hydrated lime supplied by using burned phosphatic 
limestone in amounts corresponding to 400 pounds of add -phospWe to the 
acre is entirdy ineffective in correcting the hme requirement of an add soil. 

3. Any advantage that burned and hydrated phosphatic limestone may 
show over phosphate rock is so slight that it may be accounted for by the 
fact that its iron and aluminum content is lower and is in less intimate contact 
with the tricaldum phosphate. 

4. Pulverized pho^hatic limestone is as valuable for soil treatment as are 
any of the phosphatic products obtained in this test from the burning of this 
limestone. 
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PLATE 1 

Fig. 1. PnospHATic Limestone in a Phosphate Rock Mine Neak Columbia, Tennessee, 

AFTER THE OVERLYING SOIL AND THE PHOSPHATE ROCK HAD BeEN REMOVED 

Fig 2. Sand Cultures from Series A 
Culture 107 with add phosphate. 

Culture 25 with burned and hydrated phosphatic limestone (*‘HP **). 

Culture 44 with the washed granular phosphate from the burned and hydrated phosphatic 
limestone (“TP”) 

Culture 62 with 100-mesh floats 
Culture 78 with 200-mesh floats 
Culture 123 with basic slag 

Fig. 3. Barley Cultures in Soil from Series C-—Fertilizer Salts (KN) and also 
THE Phosphates Added to the Soil for a Previous Crop of Soy Beans 

Culture 38 without phosphorus 
Culture 41 without phosphorus 
Culture 6with‘*hydrophos” (HP*). 

Culture 16 with add phosphate (AP*) 

Culture 25 with floats (Rlh) 

Culture 34 with c.p. tricaldum phospliate (PP*). 
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MICROBIOLOGICAL ANALYSIS OF SOIL AS AN INDEX OF SOIL 
FERTILITY: II. METHODS OF THE STUDY OF NUMBERS 
OF MICROORGANISMS IN THE SOILi 

SELMAN A. WAKSMAN 
New Jersey A g/icultural Experiment Stations 
Received for publication, December 6, 1921 

INTRODUCTORY 

In taking up the study of bacterial numbers in the soil as tie first function 
for the characterization of the bacteriological condition of the soil, one should 
keep in mind that this is done not because it is the most important function, 
nor because it is known to be the most representative function, but for several 
other reasons. FoUowmg the determination of bacterial numbers in the 
soil by Koch in 1881 with the introduction of the gelatin plate, the first attempt 
was then made to make a thorough study of bacteria in the soil. With the 
possible exception of the decomposition of nitrogenous organic matter (am- 
monification) and nitrification, more work has been done in the study of num¬ 
bers of bacteria in the soil as influenced by various factors, than of any other 
soil bacteriological function. This is a simple function, readily placed on a 
quantitative basis and does not have the complex qualitative character of 
the most other functions, which have not yet been placed fully on a quantita¬ 
tive basis. Our methods for determining bacterial numbers in the soil are 
well worked out, the limitations involved are well recognized and the varia¬ 
bility factor can be readily calculated. 

A historical review of the occurrence and distribution of bacterial numbers 
in the soil is found in the work of Voorhees and Lipman (17, p. 10-12), Ldhnis 
(11) and various papers dealing with the subject Brown (2), Conn (4), Waks- 
man (18), etc. 

The determination of numbers of microorganisms in the soil has not been 
looked upon as of prime importance in the study of its bacteriological con¬ 
dition. The results obtained have been very variable, non-uniform and not 
very promising for the interpretation of soil fertility phenomena. A lack oi 
coiifidcnce has been felt on the part of even the trained bacteriologist, who has 
recognized the limitations of the methods and found himself unable to corre¬ 
late the results obtained by the determination of numbers of microdrganisms 

1 Paper No. 81 of the Journal series, New Jersey Agricultural Experiment Stations, Depart- 
men of Soil Chemistry and Bacteiiology. 

This paper will appear in Rutgers Coleege Studies, vol. 1. 
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in the soil with its crop producing power. This has led bacteriologists (Remy, 
14) to state that the number of bacteria in any soil has but a very limited 
diagnostic value in ascertaining its fertility. This statement of Remy was 
based merely upon the fact that the number of colonies of microdrganisms on 
the plate shows no direct relationship to the ammonifying, nitrif 3 dng or deni¬ 
trifying power of the soil. It remains to be proved however, whether these 
last mentioned physiological activities are of diagnostic value. This untrust¬ 
worthiness was also pointed out by L5hnis (10) who called attention to a dif¬ 
ference in a small number of efficient bacteria and a large number of organisms 
possessing only a slight efficiency. He further points to the determination 
of bacteriological numbers in the soil as ‘‘rather worthless and spirit-destroy¬ 
ing countings.” In a later publication (12), L5hnis emphasizes this fact by 
stating that “all further investigations have shown, without any exception, 
that no definite relationship between the total number of bacteria and fer¬ 
tility of corresponding soil is recognized.” Even as late as 1921, we find such 
a striking statement as “a quantitative bacteriological analysis of soil for 
total numbers of microdrganisms has but a comparatively small significance 
as compared with that for the estimation of numbers in one or more physio¬ 
logical groups” (Northrup-Wyant, 13). Such a severe criticism of the value 
of determining the total numbers of microSrganisms in the soil has been justi¬ 
fied by the great variability in bacterial numbers reported by various soil 
bacteriologists and the lack of correlation between the numbers and the physi¬ 
ological activities of specific groups of microSrganisms in the soil which are 
assumed to be of great importance to soil fertility (Remy, 14). 

However, not all investigators have reached such negative conclusions as 
to the value of determining bacterial numbers in the soil. We may but refer 
to the work of Russell and Appleyard (16), who found the curves for bacterial 
numbers, nitrate content and carbon dioxide in the soil to be sufficiently simi¬ 
lar to justify the view that all the phenomena are related. 

The physiological activities of soil microdrganisms will be taken up in the 
following papers, while here, we will limit ourselves only to numbers. A study 
of the variability and methods of mathematical interpretation of bacterial 
numbers has been reported in the previous paper (19) in this series. In this 
latter paper the author has endeavored to show that the variability and lack 
of correlation mentioned above are due to lack of uniformity in the methods, 
inaccurate methods, and changing soil flora. Nonuniformity of methods is 

f ade even worse by the fact that the details of the technic used by the various 
vestigators are so widely divergent and that the data obtained even from 
one soil by the various methods are incomparable. Each investigator 
is, in the words of Northrup-Wyant (13), “a law unto himself in so far as 
the technic used in quantitative bacteriological soil analysis is concerned.” 
Great variability in the numbers obtained on the same soil by the same inves¬ 
tigator may also be due to the fact that the results are not checked sufficiently 
and the probable errors are too great for any accurate scientific work. This 
has been well recognized by various bacteriologists such as Chester (3). 
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METHODS 

Although the methods used in a quantitative bacteriological analysis of 
soil have been reviewed in several of the more recent publications, as pointed 
out above, the various limitations of the methods have not been studied suffi¬ 
ciently, so that the ground is only incompletdy covered. To determine just 
how much weight should be attached to the methods by which a particular 
soil phenomenon (function) is measured in comparison with the other soil 
microbiological activities (functions) in the building up of a system of soil 
bacteriology, a study of methods is of prime importance. 

The various methods used for determining quantitativdy the miaodrgan- 
isms in the soil can be classified into 3 groups: 

1. Dilution method 

2. Plate method 

3. Direct counting method 

The dilution method can be utilized not only for the determination of the 
total soil flora but also for the study of specific physiological groups, utilizing 
diflerential media. But the use of this method in routine bacteriological soil 
analysis is too cumbersome, involving a number of dilutions and cultures 
for each soil, and then only approximate results would be obtained, particu¬ 
larly in view of the fact that the selective action of the medium would be as 
noanifest as in the case of the plate method, since not all or ganisms would 
devdop on any one medium. The microscopic method suggested by Conn 
(5) gives promising results, but has not yet been devdoped to a suffident 
extent to warrant any definite condusions. The great diSerence between the 
plate and microscopic counts in normal soil is due to organisms whidi cannot 
be grown on plates. In the case of those organisms that develop on plates, 
the plate coimt will be nearly as high or even higher than the microscopic 
count, according to Coim. If wc keep in mind, therefore, the limitations of 
the plate method, wc will find it quite satisfactory for our work, until the 
direct counting method is developed suffidently to warrant its exdusive use. 

The plate method has been the one most commonly employed by bacteriol¬ 
ogists, and has also been used in the present investigations. It is an indirect 
method, since we do not count the organisms directly, only the colonies that 
are produced on the plate. It is assumed that every bacterium, actinomyces, 
fungus spore or hypha develop into a colony. This can be justified only when 
the organisms are wdl separated from the soil into the diluting fluid, when the 
medium is favorable for the devdopment of all these organisms, and when 
the temperature, oxygen supply and period of incubation are favorable. We 
can never obtain the ideal conditions but we can work out our technic so as 
to approach them as near as possible. The plate method has various limita¬ 
tions. The strict anaerobic microSrganisms are excluded as well as the im¬ 
portant groups of nitrifying, non-symbiotic nitrogen-fixing bacteria, sulfur- 
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oxidizing bacteria, to some extent the denitrif 3 dng, symbiotic nitrogen-fixing, 
pectin- and cellulose-decomposing bacteria. Then, of course, the algae and 
protozoa are eliminated. A further limitation is the fact that high dilutions 
are necessarily used, so that if groups of microorganisms are determined on 
the plate, those organisms occuring only in small numbers will give a rather 
inaccurate count. However, the fact that various important groups of soil 
microSrganisms do not develop on the plate does not detract very much from 
the value of the method since it holds true for all soils, the microorganisms that 
do develop on the plate are constant soil forms, and no one method, with the 
possible exception of the direct microscopic method, will allow a study of all 
soil microorganisms. Therefore, the plate method within defined limits, will 
serve as a certain measure of the quantitative bacterial flora. The soil micro¬ 
organisms that develop on the plate include the fungi, the actinomycetes and 
those bacteria which arc concerned in the decomposition of organic matter 
in the soil, assimilation and certain transformations of minerals as well as 
other not sufficiently studied activities. 

The composition of the medium is one of the most important factors in the 
determination of numbers of microorganisms in the soil by the plate method. 
It must be of definite chemical composition (synthetic) and must allow the 
development of the greatest number of microdrganisms. 

Both gelatin and agar media are usually employed in the plate method. 
Gelatin was the fiirst solid medium suggested by Koch for the study of patho¬ 
genic bacteria and was also used for the study of soil bacteria by the same in¬ 
vestigator. The advantages of agar media over the gelatin are several, chief 
among which is the fact that agar can be kept at higher temperatures than 
gelatin, that the gelatin-liquefying microorganisms do not interfere with 
accurate counts, particularly after a long incubation period which allows all 
microorganisms to develop. Agar media can be prepared of an exact chemi¬ 
cal composition. This cannot be said of gelatin which is in itself a nutrient 
for various microorganisms. For qualitative work, gelatin media no doubt 
present certain advantages as in the case of the separation of bacteria into 
liquefying and non-liquefying groups. I}ul even this separation is of doubt¬ 
ful value and may give different results under different conditions, since, under 
the best of conditions, it is a qualitative rather than a ciuantitative distinction. 
In the case of actinomycetes, for example, we find that they nearly all liquefy 
the gelatin, some in 3-4 days and some in 40-50 days. 

Similar disadvantages are found in the case of the nutrient agar used chiefly 
by the earlier soil bacteriologists. The introduction of media of exact chemi¬ 
cal composition (Lipman and Brown, 9 and Fischer, 6) was an important 
step in the standardization of the plate method. 

A comparative study of the various synthetic media to be used for the 
determination of numbers of soil microdrganisms, has been given by Brown 
(2) and by Conn (4). The medirun used in the present work is a modification 
of Brownes albumen agar: 
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KaHPOi. 

MgS04. 

Dextrose. 

Powdered egg-albumen 

Fes ( 504 )$. 

Agar. 

Distilled water. 


. 0.5 gm. 
. 0.2 gm. 
.10.0 gm. 
. 0.25 gm. 

Trace 
15.0 gm. 
1000.0 cc. 


All the ingredients, with the exception of the powdered egg-albumen are 
dissolved in boiling water, then filtered; the powdered egg-albumen is placed 
in a beaker and suspended by means of a stirring rod in a little distilled water, 
a drop of phenolphthalein is then added and sufldcient 0.1 N NaOH is added 
from a burette until a distinct pink color is obtained. The egg-albumen is 
thus transformed into sodium albuminate, which is then added to the filtered 
agar and stirred in thoroughly. If the sodium albuminate solution has a few 
undissolved particles, it can be filtered first through a piece of fiOlter paper. 
The use of sodium albuminate does away with the coagulation of albumen 
when added to the hot agar and allows the use of a standard product. The 
medium is tubed, in 10-cc. portions, and sterilized in the autoclave for 15 minutes 
at IS lbs. pressure. The medium does not have to be freshly made up for 
each determination. The sterile tubed medium imder cover for two months 
did not deteriorate so long as there was no appreciable drying out. 


SOIL SAMPLING 

It has been assumed that the same soil type, under the same conditions of 
treatment, contains at the same depth the same number of bacteria, and that 
soils differing in one way or another differ also in their bacterial activities 
(ffiltncr and Stormer (8)). Due allowance must be made, however, to the 
natural variability of the soil itself. Where numerous samples are taken and 
thoroughly mixed, then carefully sampled, the danger is not so great as where 
only one or two samples are taken. By comparing the results obtained from 
various samples taken from the same uniform soil and treated alike, impor¬ 
tant variations have been obtained as pointed out in the previous paper of 
this scries (19). For the actual field studies, four or five samples were taken 
from various parts of the plot, each sample being a composite of 3-4 borings, 
which were then thoroughly mixed. 

Since the bacterial numbers are not the same at the various soil depths 
(18), the depth of sampling should be carefully considered. In taking samples 
for this study about i inch of the surface was scraped away with a dean spat¬ 
ula and samples taken by means of a sampling tube to a depth of 6-6J 
inches. The samples were taken into sterile containers, and counts made as 
soon as possible. 

DILUTIONS AND PLATING 

The first dilution was made as follows: 5 or 10 gm. or soil were added to a 
2S0-CC. Erlenmeyer flask containing 100 cc. of sterile water; the flask was then 
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shaken for exactly 5 minutes; this gave a dilution of 1:10 or 1:20. Of 
the first dilution 1 cc. was then taken out, without allowing the soil to 
settle, and transferred into a flask with 99 cc. of sterile water, giving dilutions 
of 1:1000 or 1:2000. Higher dilutions than the last were obtained by adding 
1 or more cc. of the last dilutions to corresponding amounts of water with each 
new dilution. The final dilution was such as to allow 30-200 colonies to develop 
on the plate. The flask is shaken for about 30 seconds. One cc. of the final 
dilution is then transferred by means of fresh, sterile 1-cc. pipettes into Petri 
dishes and the cooled agar is added. Eight to ten plates were used for each 
count. The plates were then incubated at 25®C. for various periods of time 
and all the colonies were counted with the naked eye. 

The importance of using a comparatively large amount of soil to make the 
first dilution and making that dilution comparatively low, like 1:10 or 1:20, 
has been recognized by the earlier bacteriologists (Remy ’14) as well as in 
the more recent investigations (Northrup-W)^nt ’13), since a more rq)resen- 
tative soil sample is thus obtained. Too large an amount of soil, as used in 
some cases, to give too low a dilution like 1:2, is also objectionable since a 
thorough mixture of the soil and water is difficult. It is entirely possible to 
obtain a thorough suspension of bacteria in water, since it has already been 
demonstrated by Hiltner and Stormer (8) that, on sufficient shaking, all 
bacteria are washed off the soil particles which remain almost sterile. 

There is small need of calling attention to the importance of not allowing 
the soil to stand in contact with the water for more than the few minutes 
necessary for the manipulations of shaking, diluting and plating out. A 
longer period will lead to an appreciable decrease in numbers, due to plasmoly- 
sis of miaodrganisms as pointed out by Hiltner and Stormer (8). An increase 
in numbers may be obtained only in special instances, as in the case of frozen 
soil, air-dry soil and subsoil. 

INCUBATION AND COUNTS 

Various periods of incubation were used in the preliminary experiments, 
these finally led to the adoption of a 7-days incubation at 25'’C. A shorter 
period of incubation will not allow a full devdopment of all microorganisms 
and a proper differentiation between the bacteria and actinomycetes. 

The numbers of microorganisms were estimated in the preliminary experi- 
maits on the basis of soil dried in a electric oven at lOO’C. to constant weight. 
However this method of calculating the data is hardly logical. MicroSrgan- 
isms usually decrease in number with a decrease in the water-content below 
the optimum. In this connection the author does not fully agree with the 
more recent workers (Northrup-Wyant, 13) in this field who calculated 
the bacterial numbers only on the basis of a dried soil. In a soil which 
is almost dry, the numbers, which are small at that, are increased only very 
little by figuring back to an air-dry basis. In the same soil at a much hi^er 
mtHsture content, it is found that ffie addition of moisture did not serve merely 
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to dilute the soil, but had a stimulating effect upon the development of the 
bacteria, and it would hardly be advisable to multiply the numbers further 
to bring them to an arbitrary dry basis. The dry soil in itseU does not signify 
anything, for the numbers depend on the relative moisture content as one of 
the important factors. Multipljdng the numbers, to allow for the moisture, 
would be equivalent to doing the same calculation twice over. 

To be scientifically accurate and have a basis for comparison, we should 
change the numbers in such a manner, by multiplying it by a moisture factor, 
so as to reduce those with a high moisture and increase those with a low mois¬ 
ture content. However, before such a factor has been found, the author 
agrees with Hiltner and Stormer (8) that the results should be reported per 
gram of moist soil (or even dry soil), giving also the moisture content of the 
particular soil as well as its optimum moisture (65-70 per cent of its water¬ 
holding capacity). The soil reaction, the author feels, should also be reported. 

Perhaps, when our data are more complete, we may be able to calculate 
the potential bacterial activities from the soil t3q)e, its water content, reac¬ 
tion, nitrogen and carbon content, etc. 

INFLUBNCE OF MEDIUM 

Preliminary work was carried out with the purpose of demonstrating the 
influence of the composition of the medium, reaction of medium, temperature 
of incubation, final dilution, etc., upon the numbers of microorganisms in the 
soil. The results are reported in tables 1-7. 

Cow position 

Casein agar was prepared in a similar way to the egg-albumen agar except 
for replacing the egg-albumen by casein. Sodium asparaginate was made up 
according to directions given by Conn (4). Soil extract agar and urea nitrate 
agar were made according to directions given by Fred (7). The soil used for 
these preliminary studies was a greenhouse soil rich in organic matter, having 
an optimum moisture of 30 per cent and a reaction equivalent to pH 6.2. 
The fungi were not counted in these preliminary experiments, while under 
bacterial numbers, both bacteria and actinomycetes are included. 

When the media of different composition are compared (table 1) the albu¬ 
men agar, casein agar and soil extract agar are found to give the highest 
numbers. The last medium, although giving the largest numbers of all, has 
to be eliminated due to the fact that it is not standard in composition. The 
choice was then between the albumen and casein agar. The first was selected 
in spite of the fact that, in this experiment, it gave somewhat lower numbers 
than the casein agar. Albumenagarhasbeenusedbythewriter for several years 
and has always given excellent results and stood out well in comparison with 
any other synthetic medium tested; it is also readily prepared and is of an 
exact chemical composition. Egg-albumen, of course, is not a pure protein, 
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but since it is used in the powdered form, it is always readily duplicated. This 
medium was, therefore, selected for further work.^ 

TABLE 1 


Inptiencc of composition of wedhwi on bacterial nwitbers* 


PLATE 

NUMBE& 

albu&ccn agar 

CASEIN AGAR 

SOIL EXTIUCT 
AGAR 

SODIUM ASPARACI- 
NATE AGAR 

UREA NITRATE 
AGAR 


colonies 

colonies 

€olonie\ 

coloniei 

colonies 

1 

86 

107 

109 

78 

62 

2 


119 

134 

72 

43 

3 

93 

96 

103 

67 

54 

4 

78 

103 

128 

94 

57 

5 

84 

114 

113 

66 

56 

6 


133 

136 

76 

48 

7 

85 

112 

> 142 

83 

38 

8 

94 

101 

131 

87 

47 

9 

74 

122 

98 

69 

55 

10 

89 

! 109 

118 

72 

53 

hlean 

89.1 =±=2.23 

111.6 ±2.33 

121.2 ±3.22 

76.4 ±1.91 

51.3 ±1.52 

V 

10.44abl.S7 

10.97±1.6S 

15.10±2.27 

8.97±1.3S 

7.16±t.08 

C. V, 

11.7 =fcl.7 % 

9.6 ±1.5 % 

12.5 ±1.9 % 

11.9 ±1.8 % 

14.0 ±2.1 % 

Em 

2.S % 

2.1 % 

2.6 % 

2.S % 

2.96% 


Plates incubated at 25®C. for 7 days; the figures designate the number of all the colonies 
on the plate except the fungi. Dilution 1:200,000. 


Temperature aitd period of incubation 

The data presented in table 2 show the influence of temperature and period 
of incubation upon the bacterial numbers found in a soil. When the plates 
are incubated at room temperature, practically no colonies developed in 2 
days, while in 12 days not all the colonics seemed to have developed as yet, 
since more than twice as many colonies have been found in 12 days than in 
5 days. By incubating the plates at 37®, not all the microorganisms arc found 
to develop into colonies and the plates dry up on prolonged incubation. A 
temperature of 25 to 27®C. proved to be the most favorable, one or two degrees 
either way having little influence with a long period of incubation. The plates 
should certainly be incubated longer than even 5 days. Further experiments 
along this line have shown that, at 25®, there is very little increase in numbers 

s After this study was completed, the author in cooperation with Dr. Fred of the Univer¬ 
sity of Wisconsin (20) suggested, as definite uniform media for the determination of total 
numbers of microorganisms in the soil, a modification of the albumen agar given above and 
casein agar. The modification of the albumen agar consists in reducing the amount of 
dextrose from 10 to 1 gm. per liter, so as to prevent the development of spreading colonies. 
The casein agar is the same as the albumen agar, only 1 gm. of purified casein dissolved in 
8 cc. of 0.1 N NaOH is substituted for the egg-albumen. However, the albumen agar used in 
the studies reported in this as well as in the following paper, was of the composition reported 
in the text above. 
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Influence of temperature and period of incuhation on bacterial number^ 
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The numbeis represent all the colonies on the plate, except the fungi. Dilution 1:100,000. 
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above 7 days, so thal tMs period has been decided upon for future work. In 
this connection, attention should be called to the fact that Conn also found 
a seven-day period, at a temperature of 25®, sufficient since he seldom found 
any appreciable increase on further incubation. 

The futility of short incubation periods (2-3 days), sometimes even at room 
temperature, is thereby made clear. 

Reaction of medium 

A slight acidity (+0.5—H0.25) has usually been recommended as the 
optimum reaction of the medium used for the bacteriological analysis of 
soils. Several portions of egg-albumen agar were adjusted, to definite hydro- 
gen-ion concentrations by means of l.OiV NaOH and i.QN H2SO4 solutions 
and used for the plating out of bacterial numbers. 


TABLE 3 

Influence of reaction of medium upon the growth of bacteria on the plate* 


PLATE 

NUMBER 

pH-*5 2 

pH * 6 4^ 

pH * 6 8 

pH«72 

pH«7 6 


cohnieb 

colonies 

colonies 

roloniiK 

colonies 

1 

62 

77 

63 

S3 

44 

2 

56 

105 

66 

66 

42 

3 

52 

83 

91 

41 


4 

89 

69 

70 

64 


5 

86 

76 

87 

56 


6 

47 

97 

83 

45 


7 

96 

92 

88 

58 

45 

8 

51 

89 

97 

51 


9 

57 

86 

61 

44 


10 

69 

78 I 

76 

48 


Mean 

66.5 *3.76 

85.2 *2.31 

79.1 *2.64 

52.6*1.83 

38.6=*=l.s32 

(r 

17.68*2.66 

10.87*1.64 

12.41*1.87 

8 6*1.29 

6 22=1=0.94 

C.V. 

26.6 *4.0 % 

12.7 *1.9 % 

15.7 *2.4 % 

16.3 *2.4 % 

10.1 *2.4 % 

Em 

5.6S<y, 

2.7 % 

3.34% 

3.5 % 

3.4 % 


* Dilution 1:200,000. Plates incubated 12 days at 25®. All colonies, exclusive of fungi, 
aieiqxiited. 


The data presented in table 3 point definitely to the fact that a reaction of 
the medium equivalent to an hydrogen-ion concentration of about pH 6.4 is 
best. With more add media, there is a deaeasc in bacterial numbers accom¬ 
panied by a greater overgrowth of fungi. When the medium is made less 
add there is also a drop in numbers, particularly above the neutral point, so 
that, at a pH 7.6, there are already less than a half as many colonies of bac¬ 
teria devdoping than at pH 6.4. A reaction of about pH 6.5 is therefore, best. 
This happens to be the reaction of the egg-albumen agar when prepared accord¬ 
ing to the directions given above. 
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Method of preparing the dilutions 

It seems to be generally agreed that the number of colonies to be allowed 
per plate should be between 30 and 200, for agar plates (Breed and Dother- 
rer, 1), or a narrower limit SO to ISO for gelatin plates (Conn, 4), However, 
where the meubation is at 2S° for 1 days, there is danger of fungi overgrowing 
the plates. A plate badly overgrown with fungi, particularly in the case of 
certain Mucorales, should be discarded and not considered in the final count. 
With the medium used, there is very little danger of bacterial spreaders. 

The next two experiments deal with the method of preparing and time of 
shaking the soil with water in preparing the iSrst dilution (table 4) and influ¬ 
ence of the final dilution (table S). 


TABLE 4 

Influence of sthring and time of shaking upon hact&ial numbers'*' 


PLATI 

\UMB1R 

SOIL SmRl D IN MORTAR 

SHAkrN 1 MINUTE 

SHAKEN 5 MINUTES 

SHAKEN 10 MINUTES 


COlpflU S 

colonies 

coUmus 

colonies 

1 

144 

104 

158 

1 144 

2 

168 

114 

168 


3 

170 

125 

162 


4 

153 

136 

184 


5 

156 

113 

162 


6 

178 

122 

181 


7 

149 

131 

151 

175 

8 

153 

116 

174 

168 

9 

171 

119 

189 

167 


158 

108 

179 

151 

jMean 

160 0 =1=2 3 

118 8 *2 11 

170 8 *2 65 

160 4 ±2 31 

<r 

11 07=fc2 70 

9 91=1=2 22 

12 49=1=1.88 

10 83=fc2 42 

0. V. 

6 9% 

8 3% 

7 3% 

6.8% 

I’.ni 

1 4% 

1 77% 

1 55% 

1.44% 


* Plates incubated 7 clays at 25®C. Dilution 1:100,000. All colonics except fungi are 
lopoitcd. 


The stirring referred to in the first column of table 4 was done by thoroughly 
stirring S gm. ol soil in sterile water, in a sterile mortar for 5 minutes, pouring 
off the supernatant liquid into a sterile flask, stirring residue again for 2-3 
minutes with a fresh portion of sterile water, and so forth, imtil only a few 
grains of pure sand remained. The shaking referred to in the other three 
columns was done by shaking 5 gm. of soil in 100 cc. of sterile water and with¬ 
drawing samples after 1, 5, and 10 minutes for the further dilutions. The 
final dilution for this experiment was 1:100,000. The results reported in 
table 5 were obtained by shaking the original dilution S minutes, and m ak i n g 
the final dilutions 1 to 20,000,50,000,100,000,200,000, 500,000 and 1,000,000. 

The results obtained in table 4 justify, without further discussion, the con¬ 
clusion that 5 minutes shaking is sufficient for suspending all the bacteria in 
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TABLE 5 


Influence of final dilution upon the bacterial numbers'* 



DILTinON 

1:20,000 

DtLTmON, 

1:50,000 

PLATE NtJMBER 

Incubation 

Incubation 


3 days 

7 days 

3 days 

7 (lays 

1 

192 


127 

156 

2 

238 

1 

124 

146 

3 

262 

8 

148 

172 

4 

206 

3 

143 

179 

S 

227 

I 


124 

6 

231 

O 

113 

138 

7 

214 

i 

o 


149 

8 

199 

132 

167 

9 

223 


141 

153 

10 

211 


117 

133 

Mean 

220.3 =»=4.10 


129.0 =*=2.88 

152.7 =1=3.73 

a 

19.25=1=2.93 


13.51=*= 2.03 

I7.53=t2.64 

C.V. 

8.7 % 


10.5 =1=1.6 % 

11.5 =1=1.7 % 

Em 

1.86% 


2.23% 

2.44% 

Average number 
of Bacteria per 
gm. of wet soil 

4,403,000 


6,450,000 

7,635,000 



DILUTION, 1:100,000 

DILUTION, 

1:200,000 

PLATE NUICBER 

Incubation 

Incubation 


3(la3rs 

7 days 

3 days 

7 days 

1 

76 

113 

29 

59 

2 

65 


28 

62 

3 

56 


30 

61 

4 

74 

112 

27 

09 

5 


142 

38 

73 

6 

59 


24 

64 

7 

67 


33 

68 

8 

51 


31 

56 

9 

63 


41 

61 

10 

69 

HBhHI 

36 

74 

Mean 

64.2 =*=1,64 

121.6 =*=2.81 

31.7:*=!.12 

64.7 ±1.28 

tr 

7.76=1=1.17 

13.18=4=1.99 

S.29±0.79 

6.04±0.91 

C. V. 

12.1 =*=1,8 % 

10.8 =*=1.5 % 

16.6 ±2.5% 

9.3 % 

Em 

2.55% 

2.31% 

3.53% 

2.0 % 

Average number 
of Bacteria per 
gm. of wet soil 

6,420,000 

12,160,000 

6,340,000 

12,940,000 


* Numbers of all microorganisms, except fungi, are given* 
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TABLE Sr^oniimed 



DILUTION, 1 500,000 

DILUTION, 1 • 1,000,000 

NUMBER 

Incubation 

Incubation 


3 days 

7 days 

3da3;rs 

7 days 

1 


18 

4 

11 

2 


26 

4 

17 

3 


22 

9 

19 

4 

13 

21 

5 

13 

5 

13 

19 

5 

14 

6 

13 

18 

6 

17 

7 

17 

23 

4 

11 

8 

16 

21 

7 

13 

9 

17 

25 

5 

9 

10 

21 

29 

9 

12 

Mean 

16 1 =fc0 60 

22 2 =b0 77 

S 8 =i=0 41 

12 6 ±0 76 

<r 

2 81=t0 42 

3 62±0 55 

1 93=t=0 29 

3 53±0 55 

C. V. 

17 4 ±2 6 % 

16 3 ±2 5 % 

33 3 =fc=5 0% 

28 0 ±4 2 % 

Em 

3 73% 

3 47% 

7 07% 

6 03Si 

Average numbci 


11,100,000 

5,800,000 

12,600,000 

of Bacteria per 
gm. of wet soil 






the water. One minute is insufficient, while a period greater than S minutes 
proves to be injurious. 

When the various dilutions are compared, it is found that both too low 
dilutions and too high dilutions give unfavorable results. With the low dilu¬ 
tions too many colonies develop on the plates and it is impossible to determine 
accurately even the number of colonics that have developed. With too many 
colonies on the plate, many microdrganisms, particularly those that develop 
only late, fail to develop at all. 

It lb interesting to note that, while at 1:20,000 dilution the colonies were, 
at 7 days, so numerous that no accurate count could be made, particularly 
due to overgrowth of fungi and tliat with the 1:50,000 dilution, an accurate 
count was made, but the numl)crs of organisms obtained are much less than 
with the higher dilutions. This simply indicates that, with too many colonies 
on the ])latc, many organisms simply fail to develop. Another disadvantage 
of the too low dilutions is the fact that it is difficult to make an accurate dif¬ 
ferentiation, under these conditions, between bacterial and actinomyces col¬ 
onics. Of course the advantage of the low dilution lies in the smaller error 
obtained, but this can be obviated by the use of a larger number of plates for 
the count. 

In the case of too high dilutions, like those of 1:500,000 and 1:1,000,000, 
there is apt to be not only greater variability with a greater error involved and 
the actual elimination of many specffic tj^jes but the actual count may be 
smaller. 
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In the case of the two highest dilutions used in this experiment, the number 
of colonies developing on the plate was below 30 and although in this case 
there was plenty of room for development, the count was less, even with a 
7-days incubation period, than with the optimum dilution (1:100,000 and 
]: 200,000). This, chiefly, is the reason why the number of colonies allowed 
per plate has been usually recommended as l)ctween 40 and 200. The opti¬ 
mum dilution for ordinary field soils is from 1:100,000 to 1:200,000. I^or poor 
sandy soils, a lower dilution may have to be used; for heavily manured soils 
or green-house soils, higher dilutions should be used. 

The results reported liere are directly opposed to the claim of Rossi (IS) 
that the number of microorganisms present in the soil depends entirely on the 
dilution and increases with the liigher dilutions. That is true only within 
certain narrow limits (below the optimum dilution). 

TABLE 6 


The use of iap ^ jo ter and sail solution (p,S5 per cent NaCT) as diluents for malting bacterial 

counts* 


PLATE NUMBER 

TAP WATER 

SALT SOLUTION 

All colonies 
except fungi 

Actinomsreetes 

All colonics 
e\ccpt fungi 

Actinomycetes 


colonies 

colonies 

colonies 

colonies 

1 

91 

24 

71 

22 

2 

83 

20 

72 

23 

3 

68 

22 

76 

26 

4 

62 

19 

64 

19 

5 

71 

21 

59 

26 

6 

79 

18 

71 

16 

7 

86 

26 

56 

21 

S 

78 

21 

61 

22 

9 

85 

27 


16 

10 

82 

23 

76 

23 

Mean 

78.5 =1=1.9t 

22.1 =fc0.62 

66.7 =*=1.54 

21.4 =*=0.75 

tr 

8.98=1=1.35 

2.92=fc0.63 

7.25=*= 1.09 

2.53=*= 0.53 

C. V. 

11.4 =*=1.7 

13.2 =*=1.9 % 

10.8=fcl.6 Vo 

16.5 *2.5 

Em 

2.43% 

2.81% 

2.31% 

2.5% 


•Dilution 1:200,000. Plates incubated 7 days at 25®C. 


DILUENT 

Ordinary sterile iap water is commonly used in making dilutions. The 
use of bouillon or sugar solution has not been found beneficial, while a solution 
of 0.4 per cent NaCl and 0.4 per cent KCl has actually been found mjurious 
(Hiltner and Stormer, 8). Ordinary sterile tap water was compared wilb 
saline (0.85 per cent NaCl) solution with the results presented in table 6. 

No advantage is obtained from the use of salt solution over ordinary tap 
water. If anything, there is an injurious effect due to the use of the salt 
solution, confirming the results of Hiltner and Stormer, wlio used a mixture 
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of sodixim and potassium chlorides. No appreciable difference has been found 
in the number of actinomycetes with both diluents. The use of distilled 
water for makinj? dilutions should be condemned, since plasmolysis will 
readily take place. 

SU3^1B;L\RY 

With tliese preliminary experiments in mind, we can now establish some 
of the importanl points to be observed in the determination of bacterial num¬ 
bers in the soil. 

1. A medium of standard composition should be used, containing no pep¬ 
tone, meat extract, soil extract or similar material, which would vary greatly 
in composition. In addition to the necessary minerals and carbohydrate, 
the medium should contain a definite nitrogen source, like asparagine, purifi.ed 
casein or powdered egg-albumen. 

2. The final reaction of the medium should be about pH 6.2-6.8, with an 
optimum at pll 6.5. 

3. Sterile tap water should be used for making the dilution. 

4. The soil should be shaken uniformly, for S minutes, in preparing the 
first dilution. 

5. The original dilution should be 1:20 or 1:10, high enough to give a ready 
distribution of the bacteria, and low enough to allow a representative sample 
to be taken. The further dilutions should be uniform, preferably 1:10 or 
1:100. The final dilution should be made in such a maimer, as to give 40-200 
colonics of microorganisms excluding fungi, per plate. 

Where a count of soil fungi is wanted, special acid media should be used 
having a pH 4.0 (like raisin agar and special synthetic agar (Waksman, 19), 
which due to their nature, do not allow any development of actinomycetes 
or bacteria, so that a low dilution (one fiftieth to one two-hundredth of that 
used for bacteria) can be used. This, combined with a short incubation period 
will allow a count of fungi, involving a comparatively low probable error. 

6. At least 3-5 samples, composite if possible, should be taken from each 
soil examined for each determination. 

7. At least 6 10 plates should be used in plating out each sample. These 
last two points arc important where we want to work out the variability of 
numbers of microorganisms, and reduce these to a mathematical standard. 

8. The plates should be incubated at 2S°C. for at least 7 days or at room 
temperature for at least 14 days, the first to be preferred due to uniform 
temperature. 

9. Plates badly overgrown with fungi, particularly in case of certain Mti- 
coredes, should be discarded from the counts. 

10. The numbers should be computed on the basis of wet soil or soil dried 
to constant weight, in each case stating the moisture-content and the moisture- 
holding capacity, or optimum moisture, of the particular soil. 

11. The most probable error of the counts should not be greater than 
2,0 to 2,5 per cent for each soil, and not above 3.0 per cent for each soil sample. 
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The surface application of straw has come into use quite widely by vegetable 
gardeners, orchardists, wheat growers, and others. Potatoes are often 
grown under a heavy mulch of four to eight inches of straw, and it is a general 
idea that mulching with wheat straw is good agricultural practice. Noticeable 
detrimental effects have suggested shortage of nitrogen so that along with other 
nitrate studies the writer has given attention to the effect of the straw mulch 
on nitrate production. 

niSTOEICM, 

Previous to 1921 no study of this kind was foimd reported, but only recently 
there were rqrorted results from a similar study by Scott (4) where the 
surface applications of straw on wheat as low as 2 tons per acre had depressive 
effects on tlie nitrate accumulation in the soil. 

Laboratory studies have been common (1,5, 7), showing detrimental effects 
on nitrification by organic matter in solution, but the mixture of organic 
materials through the soil (3) has not been so destructive.^ The effect of the 
straw mulch as a surface dressing on nitrate accumulation remained to be 
tested. 

EXPERIMENTAL 

The following study was conducted from 1917 to 1919 inclusive, on a brown 
silt loam of glacial origin with fine friable structure to a depth of about 8 
inches. Below tliis point it grades quickly into a rather tight, brownish 
mottled, silty, clay loam. Tlie surface sloped eastward with a 3-per cent 
grade ami the plots were surrounded by board curbing to prevent cross wasli- 
ing, so that the plots served as independent though adjacent units. Four 
plots, 1/80 acre each, were treated as follows: 

PLOT MUJIJIIIR SPRING TREAT tlLN t SUMMER TREATMENT 

3 Plowed Fallow, Straw mulch 8 tons per acre, 

weeds pulled 

4 Plowed Fallow, surface sciapcd 

5 Unplowed Fallow, surface scraped 

7 Plowed Fallow, surface cultivated 

»Confitmcfl by Dr. J. 0. lipman, N. J. \gr. Kxi>. Sta., in recent correspondence. 
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The sprixig plowing was eight inches deep and the surface scraping of plots 4 
and 5 was done by means of a hoe to cut off small weeds. The hoe was used to 
cultivate plot 7 to a depth of 2-3 inches after rains. The straw mulch was 
applied at the rate of 8 tons after plowing. In the following spring the remain¬ 
ing straw was removed, the ground plowed as soon as diy enough, tmcl re- 
mulched with fresh wheat straw. Few weeds came through tlie mulch and 
little care was needed to keep them down. At the start, the land was cleared 
of a ihin wheat crop and uniform conditions for all plots were represented. 

Samplfts of the surface 7 inches of soil were taken every three weeks e-veept 
when the soil was frozen, which occurred only in the winter of 1917-18. The 
open winters of the remaining two years caused little irregularity in this 
respect. Nine samples per plot were drawn in schematic order to form a 
composite sample. Only the surface soil data are reported because of the 
nature of the subsoil in this case and the lack of differences in nitrates at 
greater depth as sho\vn by sub-surface samplings. 

As soon as possible after sampling, the soil was mixed, 100-gm. portions 
taken, dried at 10S°C. for 8 to 10 hours, and loss of moisture determined. 
These were then extracted with 300 cc. of 1/16 N hydrochloric acid. The 
nitrates were determined in 200 cc. aliquots by boiling down, reducing with 
DeVarda’s metal, and distilling into standard suKuric acid. Calculations 
are given in pounds of nitrogen as nitrate per 2,000,000 pounds of oven dried 
soil. 

Table 1 gives the data on nitrate nitrogen in the plots during the time 
studied, while figures 1 and 2 give these data graphically. 

From the data and graphs it is evident that the straw mulch prohibits the 
accumulation of nitrates in the soil. During the three years of study the 
nitrate nitrogen under mulch was never greater than 27 pounds per two million 
of soil,—reached in late July of the excessively hot and dry summer of 1918,- 
while in plot 4, without the mulch, this figure went over 200. Comparal ively 
few of the minimum determinations of the unmulched plots went below even 
the maximum on the mulched plot, and the graph of the mulched plot meets 
that of any other plot for only two dates during the Uirce years. 

As to the cause of this failure of nitrates to accumuhite, one must consider 
the moisture contait of the soil. Table 2 gives the nitrates of plot 3 togetlier 
with the percentage moisture at the corresponding samplings. Figure 3 
shows this relation graphically. From the curves it is evident that there is a 
close reciprocal relation of moisture to nitrates. This relation points out that 
moisture was an inhibiting factor, for only as the moisture was lessened did 
nitrates accumulate. Evidently moisture is the main cause, directly or in¬ 
directly, for the inhibition of nitrate accumulation. The mulch serves to 
increase the moisture in the soil by increasing absorption through lessened 
run off and also by preventing evaporation. 

One might be led to believe that nitrates might be formed but removed by 
the excessive water caught by the mulch. Were such true, the production of 
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TABLE 1 


Nitrate nitrogen in mulched soil as com pared with mimiilcked 
(In 2,000,000 lbs. of soil) 


1017 

1918 

1919 

Date samplpd 

s* 

4 

5 

7 


i 

4 

5 

7 


B 

4 

5 

7 


/6v. 

lb\. 




i 

Ibu 

lb!,. 

lbs 


■ 



lbs. 

/is. 

hlay 12 

9 

13 

21 

14 


13 

155 

80 

76 

Jan, 

27 

8 

95 

39 

24 

June 4 

0 

26 

29 

24 

iMar. 22 

19 

158 

86 

86 

Feb. 

19 

10 

Ell 

79 

27 

June 26 

s 

62 

46 

41 

Apr. 12 

17 

177 

89 

80 

Mar. 

12 

8 

96 

63 

15 

July 19 

14 

iBTa 

79 

61 

May 3 

11 

63 

26 

21 

Apr. 

4 

12 

119 

118 

38 

Aug. 9 

9 

97 

98 

75 

May 24 

5 

82 

47 

25 

Apr. 

25 

14 

115 

105 

35 

Aug. 30 

7 

103 

88 

54 

June 14 

24 

7m 

mi 

82 

May 

23 

5 

118 


m 

Sept, 22 

14 

171 

124 

88 

July s 

16 

131 

85 

74 

June 

7 

12 

111 


9 

Oct. 13 

10 

189 

125 

65 

July 26 

27 

124 

29 

31 

July 

2 

8 

98 



Nov. 3 

5 

194 

140 

84 

Aug. 16 

Wll 

166 

94 

78 

Jtdy 

24 

12 

159 

Bis! 

42 

Nov. 24 

17 

205 

171 

EES 

Sept. 6 

12 

157 

63 

23 

Aug. 

8 

16 

81 

265 

43 






SeiJt. 27 

9 

238 

126 

76 

Sept. 

1 

8 

174 

178 

36 






Oct. 19 

m 

72 

111 

64 

Sept. 

22 

13 

146 

213 

24 






Nov. 8 

7 

126 

167 

55 

Oct. 

13 

13 

143 

253 

22 






Nov. 29 

12 

114 

70 

27 

Nov. 

3 

m 

112 

177 

17 






Dec. 21 

9 

98 

E 

17 ' 

Nov. 

21 

1" 

89 

241 

21 


♦ Plot 3. Straw mulch. Plot S. Unplowed; scraped. 

Plot 4. Spring plowed; scraped. Plot 7. Spring plowed; cultivated. 


TABLE 2 


Nitrate nitrogen and per cent moisture under mulched soil {Plot 3) 


1917 

1918 

1919 


Nitrate 

Moist¬ 

ure 

Date 

Nitrate 

Moist¬ 

ure 

Date 

Nitrate 

Mowl- 

urc 


Ibu* 

per cuUh 


Ibu 

percent 



^et cent 

May 12 

9 

20,6 

Mar, 1 

13 

22.5 

Jan. 27 

8 

23.3 

June 4 

0 

2S.2 

Mar. 22 

19 

23.4 

Feb. 19 

10 

23.4 

June 2() 

5 

23.9 

Apr. 12 

18 

22.2 

Mar. 12 

8 

23.2 

July 19 

14 

21,3 

May 3 

11 

2.1.7 

Apr. 4 

12 

22.8 

Auk. 9 

9 


May 24 

5 

25.0 

Apr. 25 

14 

20.1 


mm 

mi 

June 14 

24 

20.5 

May 23 

5 

24.7 

Sept. 22 

HI 

20,0 

July s 

16 

22.4 

June 7 

12 

24.1 

Oct. 13 

Hi 

21,4 

July 26 

27 

18.2 

July 2 

8 


Nov. 3 

5 

21.8 

Aug. 16 

20 

20.9 

July 24 

12 

20.1 

Nov. 24 

17 

19.fl 

Sept. 6 

12 

23.5 

Aug. 8 

16 

20.6 




Sept. 27 

9 

22.7 

Sept. 1 

8 

22.3 




Oct. 19 

20 

25.0 

Sept. 22 

13 

24.1 




Nov. .8 

7 

24.8 


13 

22.9 




Nov. 29 

12 

24.7 



19.1 




Dec. 21 

8 

24.4 



14.2 


* Nitrate nitrogen is given as pounds per two million soil, 
t Moisture is expressed as i>cr cent of oven-dry soil. 
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iii^iiiia iiaaaiaiai lusaiaiiin: 

1C\7 3718 1919 


1. Nitrate-Nitrogen in Soil under ^Iulch (Plot 3) as Compared whh Unmulched 
Soils (Plot 4, Spring Piowtsd and Scr.vped; Plot 5, Unplowed and Scraped) 



Fig. 2. Nitrate-Nitrogen in Soil under Mulch (Plot 3} as Compared with Unmulched 
Soil (Plot 7,—Spring Plowed and Cultivated Three Seasons) 
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nitrates after rain should give wider fluctuations than 19 pounds of nitrogen, 
which was the maximum increase foimd during any 3-week period of no rain¬ 
fall following much rain. During the corresponding time, plots 4, S, and 7 
(with no mulch) showed increases of 126, 67, and 47 pounds respectively. 
Examination of any other 3-weeks period with no rainfall to remove the nitrate 
fails to show significant increase in nitrate content under the mulch, while in 
the otiicr plots it shows great increases and establishes the certainty that 
nitrates arc not accumulating at a rate comparable to that in soils without 
mulch. Had significant nitrate accumulation gone on in the surface and 
had the nitrates been carried downward, these could have been detected in 
the subsurface of heavy clay soil. Determination of nitrates on five inches 
of soil below the surface layer showed nitrates in constant amounts too in- 


iiiHninsMHiiaiiHisaiinsii 

MiiimiiBHiiimHi 


UIIH 

IHHIn 


HKSini 



iii M g MaiiiBBiiB miamirffliiaBiiiimi 


ffS'S'SSSS g« | g,a,Si 1'3 IP S'*8'S.S s 

3. CoMPAaiso'i or NiTRAii-NirROOi m wiin rnKcrNrAOL Moisxum: in Sou. rNOEK 

Afixcn (Plot 3) 

biKnificant to indicate sudden nitrate movement or important disturbances. 
No more than 12 pounrls of nitrogen per 2,000,000 of soil were ever found in 
this layer. 

According to Gjiiney and Metzler (2), the optimum moisture for nitrate 
production in a soil with any degree of compactness, will be reached when it 
contains approximately two-thirds of the total amount of moisture it will 
retain. Tests on this soil by the Hilgard cup method gave 40.23 as its mois¬ 
ture-holding capacity and according to the above, the optimum should be 
26.82 per cent. Instead, there was no accumulation at 24-25 per cent, which 
was the maximum water content found in this soil. This suggests that 
possibly Gainey’s figure is too high or the moisture is not the sole, direct, 
conliibuting cause of the failure of nitrates to accumulate. For that reason 
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daily temperature records were taken at a dqpth of 3 inches bdow the surface 
of the soU on the mulched plot, the unplowed plots and the plowed-scraped 
plot during the summer of 1918. 

During Jime, July and August the average temperature of the mulched 
soil at 5.30 p.m. was 2S.35°C. while on the plowed-scraped soil it was 33.06°C. 
and in Uie unplowed 33.92°C. The maxima were 30®, 40° and 39.5°C. in the 
order given above, showing that the mulched soil failed by ten degrees centi¬ 
grade of being as warm as the plots not mulched. However, a temperature 
of 2S.3S°C. (the average for plot 3) should be high enough to encourage sig¬ 
nificant bacterial action so that higher nitrate production could be expected 
were temperature the sole limiting factor. 

The lower temperature, of course, is due to the moisture of which the 
mulched soil always contained large amounts, and only in dry seasons did it 
dry out enough to put the soil in good tilth, or at about SO per cent of mois¬ 
ture-holding capacity. By using this moisture figure for tilth rather than 
Gainey’s for nitrification, the optimum for this soil would be 20.1 per cent or 
considerably below 22.4, the average water content of all the samplings for this 
soil. At this rate the soil was wetter than optimum by 2.3 per cent during 
most of the time under study and moisture may be dosdy connected in 
causal relation with the suppression of nitrate accumulation. 

This inhibition of nitrate accumulation by the mulch is of particular signifi¬ 
cance to the vegetable gardner, horticulturist, wheat grower and others who 
have been uang the straw mulch. Since crops require nitrogen and use it to 
best advantage in the nitrate form, it is possible that the low concentration of 
nitrates present at any time under the straw may be an inhibiting factor to best 
growth of certain crops. Since wheat is a heavy nitrate feeder it is readily 
possible that some of the detrimental results from mulching wheat have come 
from this cause as reported by Scott (4) even with as light an application as 
2 tons per acre. Mulching with straw raises the moisture supply, but evi¬ 
dently does not allow nitrate accumulation to the concentration to be expected. 
Wliethcr the process of nitrification goes on regularly and the nitrates arc 
removed or changed by some other biological process encouraged through the 
presence of soluble orgimic matter,—as is the opinion of Lipmau'—is a que-s- 
tion which can be answered only by further study and analytical work. 

Results obtained in this study suggest that mulching with straw keeps down 
the concentration of nitrates in the soil, and one may rc*adily expect only those 
crops to do well which are able to obtain their nitrogen from this low a con¬ 
centration. The nitrate content of soils under mulch is far enough bdow 
those Tmder crops in similar studies at Missouri, or reported by Whiting (6), to 
suggest that mulching with straw is a practice to be used with care and 
disaetion rather than one of universal application. 

• Confinnfid by Dr. J. 6. Lipmau, N. J. Agr. Exp. Sta., in recent correspondence. 
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Although a study of the literature shows that the application of greensand 
for agricultural purposes has proved beneficial, and although good results from 
tlic use of greensand were recognised long ago in England and France and later 
in America, especially in New Jersey, fanners did not turn to these great 
resoui*ccs even during tlie war-time scarcity of potassium. This is undoubtedly 
due to the fact that all greensands found in America have but a low percentage 
of potassium and to the ease with which the farmer in ordinary times can buy 
readily available potash. 

The potassium of the greensand is but slowly available for plant food and the 
addition of greensand to a soil serves mainly the future crops. For building 
up a soil, poor in potassium, it has proven to be a great asset. The value of 
greensand as a fertilizer has been, and is still often ascribed to the calcium car¬ 
bonate and phosphorus present. Since a large number of the New Jersey 
greensands contam from 1 to 3 per cent phosphoric acid and from 3 to 7 per 
cent potassium, it is probable that the immediately beneficial effects can be 
attributed to both these constituents. In many cases not much calcium car¬ 
bonate is present and the greensand dug often has a decided acid reaction. 
The greensands and greensand marls found in England often contain as much as 
from 8 to 10 per cent of K 2 O, but usually little or no phosphoric add. 

RKVIEW OR LITERATURE 

The war stimulated tlic study of practical metliods for rendering the potassium soluble 
B 3 q)crimcnts were conducted in several states upon the availability of greensands for plant 
food, and upon the possibililies of securing means to treat the greensand. The Eastern 
Potash Corporation in New Jersey (13) claims to have found a factory method which consists 
of treating the greensand with lime and steam under pressure, for which process a plant is 
under construction. 


1 Paper No. 92 of the Journal series New Jersey Agricultural Experiment Stations, Depart¬ 
ment of Soil Chemistry and Bacteriology. This paper will appear in Rutgers College 
Studies, vol. 1. 

s Part of a thesis submitted to the faculty of Rutgers College and the State Univeraty 
of New Jersey in partial fulfillment for the requirements of the degree of doctor of philosophy. 

The writer wishes to cxjjress his thanks to Dr. J. G. Lipman for the suggestion of this prob¬ 
lem and for the interest taken in the progress of the work. 
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Asbley (2) deems it entirely feasible to concentrate the glauconite by electric magnets, 
while his experiments with a solution of carbon di-oxide, sulfur di-oxide and dilute hydro¬ 
chloric acid failed to give results of value for the production of commercial potash. A 
recently reported study at the Maryland Agricultuic Experiment Station (9) shows the 
possibility of composting greensand with inoculated sulfur and manure as a practical means 
for farmers to make use of the potassium in the greensand. 

A number of experiments have been conducted in different European countries with local 
greensand marls. In America the value of greensand has long been known. In 1810, at 
least four-fifths of the land in New Jersey around the places where the greensand marl is 
found, or two-fiUEths of the whole state was barren according to Morse’s American Universal 
Geography (10). The analyses of the greensand made by Seybert (12) in 1822 shows the 
existing interest in these early da 3 rs. A few years later Gordon (6, part 2, p, 5) wrote “It 
would be difi&culf to calculate the advantages which the state has gained, and will yet derive 
from the use of marl. It has already saved some districts from depopulation and increased 
the inhabitants of others, and may one day contribute to convert the sandy, and pine deserts 
into regions of agricultural wealth.” The prediction of Gordon has come true and much of 
the land he considered as “deserts” are at present “regions of agricultural wealth.” Cook 
(5) published in 1868 a geological report giving a large number of analyses of greensand 
samples. In his discussion he ascribes the heavy crops of clover, etc,, to the beneficial effects 
of greensand partly because of the phosphoric acid content and partly because of the sulfuric 
acid found in it, for “this (sulfuric acid) constituent combines with lime forming plaster” of 
which the “efi&dency as a fertilizer is well known, though the cause of its action is not satis¬ 
factorily explained.” Although at that time the part played by potassium was not well 
understood, Cook points out that the peculiarly beneficial effects of greensand on potatoes 
containing high amounts of potassium, has strengthened the opinion that this constituent 
of the marl is of high value. 

The most interesting greensand deposits of New Jersey and Maryland have been described 
by a number of writers. Clark (4), Ashley (2, p, 27-58) and others comment similarly on the 
value of greensand as a fertilizer. Patterson (11) concludes that the marls of Maryland 
have very little value for commercial extraction of the potassium on account of the great mass 
of worthless material in these shell marls. Blair (3) while reporting a number of analyses 
of New Jersey greensand samples concludes that, under the conditions existing in the soil, 
the potash of the greensand marls becomes gradually available, and since “potash is of especial 
value to potatoes and to grasses, the benefits derived from marl when used for these crops 
would lead one to believe that sudi crops can use the potash of marl to a considerable extent,” 
Lipman and Blair (7) conducted experiments in pots with coarse sand growing barley and 
buckwheat followed by a crop of soy beans, using greensand as a soxirce of potassium. Barley 
and buckwheat gave greatly increased yields over the check pots in these experiments. Soy 
beans fertilized with greensand produced as great a yield of hay as those receiving an applica¬ 
tion of soluble potassium salts. True and Gcisc (14) made a study of potassium salts and 
greensands in sand cultures, using Shive’s complete nutrient solution, B 5 C 2 ) as a basis. They 
conclude that “greensand and greensand marls from Virginia and New Jersey are able to 
supply sufficient potassium to satisfy the demands of Turkey Red wheat and red clover during 
the first two months of their growth. This enables them to make a greater dry weight of 
tops than was seen in similar cultures in which the potassium demand was supplied by potas¬ 
sium chloride, potassium sulfate, and potassium phosphate.” Lipman and his co-workers 
( 8 ) report field experiments with mixtures of greensand marl and inoculated sulfur. The 
greensand was applied together with add phosphate and dried blood. The yields obtained 
with inoculated sulfur alone were as great as the returns from plots receiving a combination 
of greensand and inoculated sulfur, but the greensand alone compared with the uninoculatcd 
sulfur gave riightly greater yields, but the air dry weights produced by a combination of 
unmoculated sulfur and greensand was lower than the yields produced by either greensand 
or sulfur alone or a combination of these two constituents. 
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Ames and Bollz (1) report to have found that the ozidatioii of sulfur iu th ^ soil as well as 
dried blood liberated potassium. From these studies they conclude that the HKgf arinTi of 
potassium was brought about by the salts rather than by the direct action of acidity on the 
insoluble potassium compounds. McCall and Smith (9) composted greensand with sulfur, 
soil and manure for the purpose of determining the effect of different composts upon the 
availability of the potassium of greensand. They inoculated the mixtures with a soil extract 
known to contain sulfur-oxidizing organisms and concluded, after an incubation period of 
23 weeks, that “in composts consisting of greensand, manure, and soil in different propor¬ 
tions, an appreciable amount of potassium of the greensand was made water-soluble.” Com¬ 
posts which yielded the largest quantities of water-soluble potasnum contained the largest 
proportions of manure, indicating that nitrogen stimulates sulfur oxidizing bacterial activities. 

PLAN OP EXPEKBIENT 

The experiments reported below were conducted primarily for the purpose of 
deter mining the effect of uninoculated sulfur as compared with inoculated 
sulfur upon the availability of potassium. In the second place the object was 
to study the possibility of decreasing the large quantities of soil used in earlier 
experiments, so as to make composting of greensand with sulfur more practical 
for the farmer or manufacturer, and in the third place to determme the effect of 
ammonium sulfate upon the rapidity with which the potasrium ingreens and 
becomes available when no soil is used in the mixtures. 

The experiments consisted of composting greensand with sulfur and soil in 
varying proportions and with additions of ammonium sulfate. Commercial 
sulfur and Penn loam were used. The greensand was from Eatontown, 
N. J., with a fairly high percentage of potassium and but a trace of calcium. 
Half of the mixtiures were inoculated with infusions known to contain sulfur- 
oxidizing organisms, and to the other half no sulfur-oxidizing organisms were 
added. It was found extremely difficult to keep the uninoculated mixtures 
free from contamination. Although sterilized sulfur was used, much, if not 
all, of the soil around the New Jersty Experiment Station contains the sul¬ 
fur-oxidizing organisms. The soil was left unsteiilized so as not to change 
the soil flora, which would have resulted in placing some of the cultures at a 
too great disadvantage. 

The materials were mixed in the foEowing proportions: 


t OMPOST 
NtlUBILR 



PAK-TS 

07 G&CENSAMD 


1 and 9 

I 100 

20 

80 


2 and 10 

100 

40 

60 


3 and 11 

20 

20 

160 


4 and 12 

20 

40 

140 


5 and 13 

0 

20 

180 


6 and 14 

0 

40 

160 


7 and 15 

0 

20 

180 

0.2 per cent (NH 4 )iS 04 added 

Sand 16 

0 

40 

160 

0,2 per cent (NHOaSO* added 

9 and IS 

0 

0 

200 
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UEtHODS 

All materials were air-dry and mixed thoroughly before the inoculations were 
made and before the ammonium sulfate was added. A part of each mixture 
was used for determining the water-holding capacity, Hilgard method. Water 
equival^t to 60 per cent of the water-holding capacity was then added to the 
mixtures and thqr were left standing over night before determinations of 
hydrogen-ion concentration, relative acidity, sulfates and potassium were 
made. The cultures were placed in tumblers covered with glassplates and 
incubated at 28®C. 

Water extractions were made of weighed air-dried samples from each compost 
ly shaking 20 gm. of mixture with 200 cc. of distilled water in 1 -liter flasks in 
a shaking machine for 2 hours. The flasks were left standing over night and 
an aliquot drawn off from each for the pH determinations. The remainder of 
the contents of the flasks was then filtered until the liquid was clear. 

The hydrogen-ion concentrations were at first determined according to the 
method described by Gillespie and later checked up with a portion of the liquid 
drawn off after shaldng of the mixture with distilled water. The differences, 

TABLE 1 

Compositfm of greensand and soil used 



if any, were always very slight. As indicators, the series recommended by 
dark and Lubs was used with tlie apparatus described by Van Alstine (15). 

Determinations of relative acidity were made upon aliquots of the water 
extract. The liquid was boiled to expel carbon dioxide, cooled, and titrated 
with 0.1 iV NaOH, using phenolphthalein as an indicator. 

Potassium determinations were made gravimetrically at the platanic chloride 
method from aliquots of the water extract. The silicates, iron, alumintun, 
phosphorus and soluble organic matter were eliminated by evaporation with 
H 2 SO 4 , ignition and subsequent precipitation with NHiOH. 

The soluble sulfur was determined by acidifying aliquots of the water 
extract with concentrated hydrochloric acid and precipitating at the boiling 
point with barium chloride. The results are calculated as sulfur tri¬ 
oxide (SOs). 

The results recorded are calculated on the moisture-free basis of the soil 
and greensand. Moisture determinations being made by heating portions of 
air-dry material and composts for 15 hours at 105° to 108°C. 

The greensand and soil were analysed by the official methods at the begin¬ 
ning of the investigation. The results are rqwrted in table 1 . 
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From the hydrogen-ion concentration determinations it may be seen that 
both soil and greensand were slightly acid. The greensand was rather coarse 
and therefore crushed in a mortar before mixing with the soil. Mechanical 
analyses of the greensand and Penn loam used, showing their texture, are given 
in table 2. 


TABLE 2 

Mechanical analyses of greensand and soil used 


CONSTANTS 

1 GREENSAND 

PENNLOAU 


percent 

percent 

Fine gravel. 

0.42 

6.75 

Coarse sand. 

18.64 

23.92 

Fine sand. 

42.75 

26.25 

Very fine sand. 

29.20 

26.56 

Silt and clay. 

8.63 

16.32 


EXPERIMENTAL RESULTS 
Acidity and hydrogen-ion concentration 

The acidity and hydrogen-ion concentration of the water extracts from each 
compost were determined at intervals of the inoculated and the uninoculated 
mixtures. Part of the data obtained are reported in table 3. 

It is clear from the data presented that no great differences were found 
between the cultures with inoculated and uninoculated sulfur. As has' been 
pointed out this was to be expected since it is extremely dfficult to keep the 
inoculated mixtures from contamination under ordinary laboratory conditions. 
All cultures showed a rapid change in hydrogen-ion concentration and a gradual 
increase in titratable acidity. After 6 weeks one of the cultures to which soil 
was added had reached the point of hydrogen-ion concentration at which the 
potassium of the greensand becomes available, which point was reached by 
most of the cultures after an incubation period of 9 weeks. From then on the 
hydrogen-ion concentration changed but slightly, although acidity accumula¬ 
tion went on, showing that sulfur oxidation proceeded. These slight changes 
in hydrogen-ion concentration indicate that but relatively small amounts of 
free acid existed and nearly all of the acidity titrated existed in the form of 
sulfates. The mixtures with soil made somewhat larger quantities of acidity, 
from the beginning but the intensity of the acid produced was generally less 
than in the cultures without soil. The quantities of acidity titrated were 
highest in the mixtures with 50 per cent soil. Addition of ammonium sulfete 
did not seem to have much Muence upon the quantity of acid produced, nor 
upon the intensity of the acid produced except, possibly, as shown by some 
slight differences in the uninoculated cultures between those receiving neither 
soil nor ammonium sulfate and those receiving a mm onium sulfate but without 
soil. There seemed to be sufficient nitrogen available for the needs of the 
organisms to last until the end of the experiment. 
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TABLE 3 


AceumihHon of watersohibh acidity, hydrogen-ion cortcenlration, watersohMe sulfate, and 
waier-soVuble in potassium inoculated and uninoculated compost mixtures 


mncBEft 

i 

COlCFOSmON 


REACTION 

ARTER 

18 WEEKS 

SOs rcR 10 om;. of compost 

K PER 10 ou. 
OP COMPOST 

Son 



At 

start 

After 

9 

weeks 

After 

IS 

weeks 

After 

18 

weeks 

At 

start 

After 

18 

weeks 

Inoculated 




parts 

parts 

ports 

cc* 

pn 

cc.* 

PB 


mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

1 

100 

20 

80 

0.05 

6.6 

37.6 

2.3 

1.32 


218.99 

233.08 

1.24 

7.91 

2 

100 

40 

60 

0.05 

6.6 

myMi ] 

2.2 

1.30 

186.74 

211.25 

228.66 

1.08 

7.39 

3 

20 

20 

160 

0.05 

6.6 

26.8 

2.2 

1.48 

158.22 

184.96 



11.79 

4 

20 

40 

140 

0.05 

6.6 

31.2 

2.0 

1.48 

184.99 



IB 

12.68 

5 

0 

20 

180 

0,06 

6.6 

29.6 

2.0 

1.70 

161.16 

'MSi 



16.48 

6 

0 

40 

160 

0.08 

6.6 

25.8 

2.0 

1.68 

114.58 

164.81 

184.47 

0.53 

11.47 

7 

ot 

20 

180 

0.10 

6.6 

24.0 

2.1 

3.72 

147 .so 


198.89 


12.71 

8 

ot 

40 

160 

0.08 

6.6 

30.0 

2.0 

3.40 

150.18 

193.92 

215.27 


11.71 

17 

0 

0 

200 

0.10 

6,5 

0.1 

6.3 

1.08 


7.90 


m 

0.29 


Uninoculated 


9 


20 

80 

0.05 

6.6 

31.2 

2.2 

1.32 

101.66 

145.44 

197.86 

0.54 

7.23 



40 

60 

0.05 

6.6 

38.2 

2.4 

1.30 

163.74 

192.35 

218.15 

0.82 

6.07 

11 



160 

0.05 

6.6 

24.2 

2.1 

1.48 

146.92 

161.99 

179.14 

0.27 

11.07 

12 

20 


140 

0.05 

6.6 

31.4 

2.1 

1.48 

173.01 

184.43 

199.92 

0.45 

11.31 

13 

El 

20 

180 

0.06 

6.6 

19.3 

2.3 

1.70 

101.02 

141.54 

mmMk 

0.15 

12.27 

14 

0 

40 

160 

0,08 

6.6 

17.2 

2.3 

1.68 

113.85 

159.17 

149.55 

0.27 

11.31 

IS 

ot 

20 

180 

0.09 

6.6 

27.0 

2.2 

3.72 

142.19 

158.52 

192,40 

0,18 

13.80 

16 

ot 

40 

160 

0.08 

6.6 

22.8 

2.3 



182.62 


0.18 

12.18 

18 

0 

0 


0.10 

6.5 


6.2 

1.08 

6.58 

7.22 

8.83 

0.25 

0.36 


* Acidity expressed in cc. 0.10 norm. NaOH required to neutralize acidity of water 
extract of 10 grams compost. 

10.2 per cent ammonium sulfate added. 


SiniATE FORMATION 

The production of water-soluble sulfates during tbe first weeks of incubation 
was very rapid in all mixtures. From tbe results recorded in table 3 it may be 
seen that after an incubation period of 15 wedcs the inoculated mixtures had 
produced more sulfates than the uninoculted composts. 

This gain, however, was largdy lost after 18 weeks, due to the fact that the 
sulfate accumulation was tiow between the 9th and 18th wedrs of incubation. 
The reason for the tiower accumulation may possibly be that the sulfates and 
free add formed at first do not react with the mineral constituents present, or 
do so only very dightly, but when suffident amounts are produced a compara¬ 
tively rapid reaction t^es place with the extremely small partides, while later 
on the dower reaction takes place with the more coarse material. Ih the 
course of this process a part of the sulfates unite with bases of the silicates and 
become insoluble in water. The more rapid attack of small partides would 
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indicate that finely ground greensand yields greater amounts of the water 
soluble potassium. An eiq)eriment conducted with material of different 
fineness showed distinctly that the finer matmal used, the fasto: the reaction 
takes place. No attempt was made to study the possible interchange of bases 
in this rdativdy slow reaction process. 

■WATER-SOITIBIE POTASSIDM 

Water-soluble potassium determinations were made at the beginning of the 
experiment, after 1,3, 6,9, IS and 18 wedcs. The data secured afta 18 wedts 
are recorded in table 3. 

The increase in water-soluble potassium was gradual in all cultures. The 
amounts during the first 12 weeks were sinall , 

Until the fifteenth week the inoculated cultures were ahead of the uninocu¬ 
lated, but after 18 weeks not mudx differoice was apparent. The possible 
reason has been pointed out by the discussion of the accumulation of water 
soluble sulfates. 

The total water-soluble potassium seemed to be greatest in all mixtures with¬ 
out soil additions, but if calculated on the basis of the p«: cent of total 
potassium present, this is reversed. 

It is necessary that a certain degree of aridity be produced before the potas¬ 
sium becomes water-soluble. The amounts of sulfates formed do not neces¬ 
sarily have to readi a certain quantity, but the aridity produced has to be of 
a certain intensity. The point at which the potassium of the greensand 
becomes more rapidly water soluble lies betwe^ the pH values 2.7 and 2.3, 
as is shown by determination made from greensand extracts treated with 
dilute sulfuric acid. Nevertheless, the quantities of sulfates formed have 
a dose rriation to the intensity of the free add formed. 

The curves in figure 1, show dearly the relation between hydrogen-ion con¬ 
centration, aridity accumulation, sul&.te formation and water-sohible potas¬ 
sium in two of the inoculated mixtures. 

It seems evident that a part of the arid or arid sulfates formed in culture 
1 reacted with the soil constituents, while in culture 3 these sulfates or the free 
add acted more directly upon the potassium of the greensand. It would seem 
that most rapid and thus most economical results would be obtained if a part 
of the composts were used for inoculaton of new compost mixtures, diminating 
thereby the long period of incubation before a certain hydrogen-ion concen¬ 
tration and a certain aridity accumulation is reached. 

As has been pointed out above, the total water-soluble potassium seemed 
to be greatest in all mixtures containing no soil, but from the data presented 
in table 4 it is evident that a smaller percentage of the total potassium present 
had been liberated in the cultures without additions of soil. It should be kq)t 
in mind that the greensand contained but 4.63 per cent of total potas s i u m and 
much of the materials present react with the arid or arid compounds formed. 
Besides, the reaction was not complete and still continuum at the end of 18 
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weeks. Since only a small amount of the sulfur was oxidized it does not seem 
necessary to add such large quantities of sulfur as was done in this experiment. 
The cultures to which 40 gm. of sulfur were added had accumulated almost 



Fig. 1. Graphs Showing the Relation Between Hydrogen-Ion Concentration 
Sulfates, .\cidity and Water Soluble Potassium in Compost Mixtures 
Numbers 1 and 8 


TABLE 4 


Total sulfur oxidized and total vjaier-soluhlc polasshmi obtained 


CITLTUftE 

NUMBER 

SULFUR IN 
MIXTURE 

iLLFUR OXIDIZED 

POTASSIUM XiO 
IN MixruRi, 

SOLUBLE POTASSIUM 


gm. 


pff cent 

gin. 

gw. 

pff retU 

1 

20 

1.864 

9.32 

3.624 

0.3582 

4.37 

2 

40 

1.880 

4.57 

2.718 

0 1478 

5.44 

3 

20 

1.606 

8 03 

7.248 

0.2358 

3 26 

4 

40 

1.658 

4.14 

6.342 

0.2536 

3.99 

5 

20 

1.698 

B,4f) 

8,154 

0.3296 

4 04 

6 

40 

1.474 

3.68 

7.248 

0.2204 

5 17 

7 

20 

1.592 

7.96 

8.154 

0 2542 

3.12 

8 

40 

1.725 

4.31 

7.248 

0.2342 

3.23 

9 

20 

1.578 

7.89 

3.624 

0.1446 

3.92 

10 

40 

1.746 

4.36 

2.718 

0.1214 

4 47 

11 

20 

1.442 

7.21 ' 

7.248 

0.2214 

3.07 

12 

40 

1.588 

3.97 

6.342 

0.2262 

3.57 

13 

20 

1.369 

6.85 * 

8.154 

0.2454 

3.0J 

14 

40 

1.196 

2.99 

7.248 

0.2262 

3.13 

15 

20 

1.540 

7.70 

8.154 

0.2760 

3 38 

16 

40 

1.528 

3.82 

7.248 

0.2435 

3.36 

17 

None 



9,06 

0.0007 

0.078 

18 

None 



9.06 

0.0006 

0.067 
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exactly the same amount of sulfates as the culture to whidi 20 gm. of sulfur 
were added. The rdation between the percent of potassium liberated and the 
per cent of sulfur oxidized was roughly 1:2. It seems therefore, that approxi¬ 
mately 10 per cent of sulfur of the total greensand is sufficient to secure satis¬ 
factory yields. 


SAND CULTURES 

The per cent of water-soluble potassium was low in all cases, but it seemed 
suESdent to supply plants with the necessary amounts of potassium. In order 
to test whether or not the available potassium would be suffident to support 
plants with this necessary plant food dement, pot cultures were conducted with 
soy bean plants. Since, as has been shown by earlier investigations, potasdum 
absorption is greatest during the first part of the growing period of the plants, 
seq? beans were grown for only 6 wedks. Spy bean plants ordinarily bloom 
in the greenhouse between the fourth and fifth we^ and the growing period 
of 6 weeks would be enough to test the value of the material for these plants. 

Although it is known that the ordinary glazed earthenware pots furnish 
very small amoimts of soluble impurities among which are potassium com¬ 
pounds, it was thought that the differences among the cultures would be large 
enough to give this test practical value. As a source of the necessary nutrient 
salts Slave’s cultiunl solution R 5 C 2 was used. 

Each pot contained 5 kgm. washed quartz sand. Treatments, in triplicate 
series were as follows; 

1. None 

2. Dry greensand, 

3. Slaves cultural solution RsCs. 

4. Composted greensand. 

5. Slave’s solution, except potassium, plus dry greensand. 

6 . Slave’s solution, except potassium, plus composted greensand. 

The greensand substituted for the potassium in Slave’s cultural solution was 
calculated to be approximately that necessary to supply an amount of potas¬ 
sium equivalent to that in the solution. The inoculated greensand bad been 
composted for a period of 18 weeks previous to the application. The results 
from the plants grown in these cultures would thus be comparable with the 
suits of the plants grown in cultures with the easily available potassium of 
Shive’s cultmal solution. 

The soy bean seeds were selected for size and germinated in sand. The 
seedlings were then selected again to be as nearly alike as possible and planted 
when about two inches high. After the planting the cultures were inoculated 
with a few cc. of a water extract known to contain nodule forming bacteria. 
The yields obtained after a growing period of 6 weeks are presented in table 5 
in the form of dry weights of tops, height of plants, number of pods producedt, 
and the pH values at the beginning and at the end of the experiment. 
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It will be noted that the dry greensand alone had some influence on the 
growth of these soy bean plants. 

The dry greensand substituted for the potassium in the cultural solution was 
apparently not able to replace the potassium fully for the needs of these plants 
in this period of growth, but the composted greensand seemed to render suffi¬ 
cient potassium available for their needs. In fact, the cultures receiving 
greensand as a substitute matured earlier and seemed more vigorous than the 
plants in Shive’s nutrient solution. 

From the numbers of pods produced, it can be seen that the plants receiving 
greensand as a substitute for the potassium in Shive’s solution would yield 
also more seeds, showing that their earlier maturity was profitable instead of 
detrimental, although slightly less hay was produced as compared with the 
plants grown in the R 5 C 2 solution. In addition, more and larger nodules were 
noticed on the roots of all plants receiving potassium in the form of greensand. 


TABLES 

Yidds of tops of soy leans grown in sand mdtwes, with Shivds nutrient solution as a basis, 
with the potassium of the solution replaced by ike potassium of composted greensand 


CUXTURE 

TUSAXMENT | 

DRY 

WEIGHTS 

AVER¬ 

AGE 

KUMBSR 

OP 

REACnOK 

NODtTLBS 

KtnCBBR 

ov 

TOPS 

EEXGET 

PODS 

Initial 

Final 



gm,* 

cm. 


PB 

PB 


1 

None 

0.856 

8 

Bloom 

5.7 

6.8 

Small 

2 

Greensand 

1.132 

9 

2 

5.3 

6.1 

Large 

3 

RsCa 

3.356 

14 

4 

5.4 

6.4 

Few 

4 

Composted greensand 

1.206 

8.5 

2 

5.4 

5.8 

Abundant 

5 

RsC 2 , greensand 


13 

6 

5.0 

6.5 

Few, but large 

6 

RsCsy composted green¬ 
sand 


14 

9 

4.8 

6.4 

Few, but large 


* All results given are averages of 3 cultures. 


CONCLUSIONS 

1 . In composts consisting of greensand and sulfur, small amounts of potas¬ 
sium are liberated. 

2. No great differences occured between inoculated and iminoculated sulfur- 
greensand mixtures, because there was contamination of the uninoculated 
mixtures. 

3. The potassium of the greensand is made available at a certain hydrogen- 
ion concentration, lying between the pH values 2.7 and 2.3. 

4. There is a definite relation between the hydrogen-ion concentration and 
sulfate formation, and the water-soluble potassium. 

5. Soy bean plants grown in quartz sand and with Shivers nutrient solution 
in which composted greensand was substituted for the potassium of the cul¬ 
tural solution are able to make as great a dry weight of tops as in similar cul¬ 
tures in which the potassium was supplied in the form of potassium phosphate. 














SULFUR OXEDATION IN GREENSAND MIXTURES 


317 


Soy bean plants receiving composted greensand as a source of potassium 
matured earlier and yielded more seeds thar> iJie plants grovm in Shivers cul¬ 
tural solution. 
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PLATE 1 


Soy Bean Plants Grown in Qcartz Sand Treated as Follows 


I. None. 

4. RsCa. 

10. Composted greensand. 

II. Greensand. 

12 . R 5 C 2 and composted greensand. 

13. RsCa and greensand. 
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MICROBIOLOGICAL ANALYSIS OF SOIL AS AN INDEX OF SOIL 
FERTILITY: III. INFLUENCE OF FERTILIZATION UPON 
NUMBERS OF MICROORGANISMS IN THE SOIL.i 

SELMAN A. WAKSMAJSP 
New Jersey Agrictdlurd Experiment Stations 
Received for publication December 6 , 1921 
HISTORICAL 

The majority of the earlier investigators on the numbers of bacteria in the soil induding 
Remy, Hiltner and Stormer, Lbhnis, Kruger and Heinze, Brown, Conn, etc., have concerned 
themselves very little with making a direct practical application of their investigations to 
actual soil conditions. These investigations led merely to establishing the fact that numbers 
of microdrganisms in the soil are more or less uniform [although even tbig Js questionable, as 
pointed out in the first paper of this scries (16')], that the application of stable manure and 
green manure increase the number of microSrganisms in the soil, that continued drying or 
treatment with volatile antiseptics has a depressing effect, and subsequent moistening of 
the soil has a stimulating effect. Engberding (2) found the number of bacteria in the soil 
to run parallel with the moisture^ontent of the soil and Fabricius and Feilitzen (3) found 
a parallelism with soil temperature. 

Rahn (14) found that the crop and the system of cropping exert a direct influence upon 
the numbers of microorganisms but Engberding (2) has shown that, whenever a difference 
was observed due to cropping, it could be accounted for by the moisture content of the soil. 
Hiltner and Stormer (7) found that fallowing resulted in a decrease in numbers, but Kriiger 
and Heinze (8) obtained an increase. The addition of organic matter, in the form of dextrose, 
straw and green manure results, according to Engberding (2), in a large increase in numbers, 
followed by a decrease, so that in a few months the level of the control is reached. Ammonium 
sulfate, sodium nitrate, potassium sulfate, lime and magnesium were found by Engberding 
to have a slight stimulating effect upon numbers of microorganisms in the soil, while super¬ 
phosphate was without influence. 

A detail review of the earlier investigations on the subject is found in the Handbuch of 
LOhnis (11). 

Only in very few instances has there been an actual attempt made to correlate numbers of 
microorganisms in the soil with croj) production. In most cases the results have been rather 
negative. This has been due to the fact that usually few, unrepresentative soil samples 
have been used, and to the fact that the methods have not been standardized, so that the 
results obtained, oven when positive, were so variable as to be of questionable importance. 
The desirabilily of a correlation between the information obtained from the study of bacterial 
activities and crop production has been pointed out by Fischer (4). 


1 Paper No. 101 of the Journal Series, New Jersey Agricultural Experiment Stations, 
Department of Soil Chemistry and Bacteriology. This paper will appear in RtJTCERS Co]> 
LEGR STTTDIJsIS, VOl. 1. 

* The author wishes to thank Mr. J. S. Joffe and Mr. R. L. Starkey for assistance in the 
taking of the samples and in pouring the plates* and Dr. J. G. Lipman and Prof. A. W. 
Blair for permission of using the plots and data for the productivity and history of plots. 
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In a few cases, however, definite coirdations have been obtained between the number of 
microorganisms and soil productivity, but, unfortunately, these observations have been 
rather sporadic and not followed up in a systematic way. Ndler (12), for example, obtained 
a noticeable corrdation between crop yield, oxidizing power of the soil, nitrate production and 
bacterial numbers, but not between crop yield and ammonia accumulation, thus foreshadow¬ 
ing the relialnlity of the three first bacteriolopcal functions and the unreliability of the ammo- 
nia-produemg power of a soil as an index of its fertility. A definite correlation between 
bacterial numbers and crop yield has also been recorded by Noyes and Conner (13) and 
others. 


EX?E2tIMENXAL 

In the two previous papers in this series, the important principles to be 
observed in the study of numbers of microSrganisms in the soil have been dis¬ 
cussed. This paper deals with the influence of soil fertilization upon the 
numbers of miaoSrganisms. 

Before making an extensive study of the numbers of microbrganisms in the 
soil, some information had to be obtained on the condition of equilibrium in the 
soil and on the variability of microorganisms in various soil samples kept under 
the same conditions. For that purpose a greenhouse soil was air-dried, 
600-gm. portions were placed in each of six small, glazed earthenware pots, 
and enough water added to bring it to 70 per cent of the moisture-holding 
capacity of the soil (28 per cent). The soil was stirred every 7-10 days, with 
the addition, at those intervals, of the proper amoimt of water to keep the 
soil at constant moisture. Three of the pots were left untreated, and, to three 
pots 22.5 mgm. of sulfur and 90 mgm. of rock phosphate were added. The 
numbers of microorganisms exdusive of fungi, were determined at various 
intervals and the results are given as averages in table 1 and figure 1. 

When the soil is air-dried, there is a sudden drop in the number of micro¬ 
organisms to one-half the number of the fresh soil, which we would expect 
due to thesudden elimination of many of thenon spore-forming bacteria. When 
the soil is again moistened, there is a rapid increase in bacterial ^numbers, 
reaching not only the original value, but increasing to more than double. 
This is due to the influence of drying upon the soil, which served as a stimulus 
of the bacterial activities in the soil. The increase in numbers is somewhat 
uneven in the different pots (see table). The rise in numbers continues till 
the second sampling which took place two weeks later, and is then followed by 
a fall in numbers. 

We thus find a rapid rise in numbers, due to the effect of drying whidt lasts 
for a short period of time and followed by a drop. The drop is not so sudden 
as the rise, indicating that the numbers come again only slowly to a new 
equilibrium. Since the stimulus was not due to the mtroduction of new food 
material, but merdy to a change in the soil condition, we would expect that 
the new equilibrium once established will be at a lower plane than the first one. 
The stimulated activity of miaoSrganisms will result in a decomposition of the 
soil organic matter which will leave the soil poorer than it was before and thus 
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TABLE 1 


The course of change of numbers of microGrganisms in the soi^ 


DATE 

SOIL CONDITION 

COLONI2:S (IN ZBOVSAMDS) PER GRA1C OP SOIL 




la 

lb 

Ic 

2a 

2b 

2c 

Average 

1 / 7/21 
1 /21/21 
1/25/21 

Fresh son 

Air-dried soil 

Soil was moistened on 

B 

35,320 


49,680 

34,330 



2 / 8/21 

1 /21/21 

Moist 

H 

■ 

H 


■ 

|H 

43,098 

2/25/21 

Moist 




25,840 



31,753 

3/18/21 

Moist 


21,330 


26,534 


24,470 


4/13/21 








21,175 

5/13/21 
7/ 8/21 

Moist 

Moist 

H 

11,360 


H 

H 

H 

mB 

12 /12/21 

Moist 

Ik 


Ik 

Ki 

Ki 

IH 

log 


* la, lb, Ic are the pots containing only soil; 2a, 2b, 2c contain, in addition to 600 gm. of 
soil, 22.5 mgm. sulfur and 90 mgm. rock phosphate. Numbers represent all the cobnies, 
except fungi, in thousands per gram, on the basis of soil dried to constant weight. 

t These figures represent the averages of the uniform soil previous to distribution in the 
pots. 
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Fig* 1. Course of Numbers of Microorganisms in Son. Placed in Containbr and Kept 
IN THE Laboratory ax Uniform Moisture Content 
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able to harbor fewer microSrganisms. With each repeated stimulus (shift 
of the unstable equilibrium), if no other nutrients in the form of nitrogenous 
fertilizers or organic matter arc added, there will result a new equilibrium at a 
lower stage than the previous one. This will parallel the phenomena of un¬ 
productivity of a constantly fertilized soil. 

It is interesting to note that on July 3, only six months after the soil had 
been taken from the greenhouse, air-dired, and again moistened, the numbers 
dropped to a level as low or lower than that in the original air-dried soil. It is 
also of interest to note that pot Ic, in which the bacterial numbers reached the 
highest peak, dropped down to the lowest point in numbers, while the pots 
2 a, 2b and 2c, which had an addition of phosphate, fell down to a lower level 
than pots la and lb. This would suggest a solution of the problem, based 
not upon toxin production, activities of protozoa, or any other theory adapted 
at one time or another to explain this common soil phenomenon, but a mere 
principle based upon ph)rsico-chcmical laws, namely that of mass action and 
equilibrium. This subject is of so great importance that merely to touch upon 
it is to overlook its part in soil microbiological activities. It will be the subject 
of one of the following papers in this series. A detailed study of the influence 
of air drying upon the bacteriological activites in the soil is found in the papers 
of Rahn (14) and Heinze (6). 

For the study of the influence of fertilization upon the numbers of micro¬ 
organisms in the soil, a series of plots, used by the Soil Department of the 
New Jersey Agricultural Experiment Stations for the study of availability of 
nitrogenous fertilizers were selected. These plots are one-twentieth of an 
aCTe in size and were laid out in 1908; since then they have been under the same 
S 3 ^tem of fertilization, one-half of the plots receiving various ferti liz er and 
manure treatments without lime, the other receiving the same treatment and 
lime. The soil is a Sassafras loam with a small amount of coarse gravel. 
The crop rotation used consists of com, oats, wheat, and timothy, with some 
supplementary residual crops. When these studies were made, the plots were 
under timothy. 

These plot experiments, as well as the results of chemical analysis of the soil, 
are described in detail in the papers of Lipman and Blair (9,10) in which the 
crop yields obtained for the first ten years, are reported. Only tho.se data 
will be reported here which have a direct bearing upon the problem at liand. 
Of the 20 imlimed and 20 limed plots, ten were selected, namely 4A, 5A, 7A, 
9A, llA, 18A, 19A, 7B, IIB, 19B. The following tables give a description of 
fertilizer treatment, composition and crop yidds for the plots sdected. 

It will be noted that the highest aop yields were given by Plot 18A receiving 
manure, sodium nitrate and minerals, and 5A, the plot that received ma¬ 
nure alone, in addition to minerals. Next to the two manured plots came the 
two plots receiving minerals, ammonium sulfate and lime (IIB) and sodium 
nitrate (9A). 
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TABLE 2 


Fertilizer treatment and carbon and nitrogen content of plots 


rtoT 

SUMBFR 

lERTlLlZlR XHTATMCNl ON ACRE BASIS 

TOTAL CARBON* * * § 

TOTAL MIXROGBN 

1913 

1917 

1913 

1917 



percent 

perceiU 

percent 

percent 

4A 

hlinerals only (<540 lbs. acid phosphate and 320 lbs. 






potassium chloride). 

1.36 

1.26 

0.1180 

0.1088 

SA 

]>linerals and 16 tons of cow manure. 

1.38 

1.44 

0.1002 

0.1185 

7A 

Nothing. 

0.95 

0.93 

0.0790 

0.078S 

9A 

]\fincrals and 320 lbs. NaNOa... 

1.15 

1.13 

0.0921 

0.0975 

llA 

Minerals and (NH 1)2804 equivalent to 320 lbs. NaNOs 

1.14 

1.21 

0.0977 

0.0904 

18A 

Minerals and 16 tons of cow manure and 320 lbs. 






NaNOs. 

1 47 

1.36 ‘ 

0.1088 

0.1170 

19A 

hlincrals only (same as 4A). 

1.29 

1.01 

0.0980 

0.0872 

7B 

Same as 7A, with lime|’. 

1.17 

1.02 

0 0879 

0 0821 

IIB 

Same as 11 A, with limcf. 

1.02 

1.06 

0 0801 

0.0819 

19B 

Same as 19A, with limef. 

1.11 

0.95 

0 0809 

0 0784 


“ The average of analysis of S plots in 1908 when the plots were laid out gave 1.22 per 
cent of carbon and 0.1118 per cent of nitrogen. 

1 The fertilizer treatment of the B plots is the same as of the corresponding A plots, with 
the addition of 1 ton of ground limestone per acre in 1908,2 tons in 1913 and 2 tons in 1918. 


TABLES 


Yield of dry matter for the years 1908-^1921* 


TLOTNUUBER 

TOTAL rOR 

5 YEARS 

1908-1912 

TOTAL TOR 

5 YEARS 
1913-1917 

TOTAL FOR 
YEARS 

1918 AND 1920t 

YIELD FOR 1921t 

TOTAL FOR 

13 YEARS 


Ihs, 

Ihs. 

Ih. 

lbs. 

lbs. 

4A 

13,874 

8,800 

5,964 

1,270 

29,908 

SA 

26,119 


9,322 

3,970 

60,541 

7A 

7,352 


3,842 

151 

15,295 

9A 

21,879 

17,745 

7,984 

2,880 

50,488 

llA 

21,595 


2,161 

2,1701 

38,731 

18A 

29,362 


10,584 

4,340 

67,426 

19A 

13,305 


5,442 

870 

27,227 

7B 

11,645 

9,14S 

5,799 

650 

21,m 

IIB 

22,018 


9,078 

3,620 

53,826 

19B 

12,098 

10,440 

7,264 

1,650 

31,452 


* Total of dry matter (hay, straw, grain) is given as pounds per acre. 

1 Heavy rainfalls delayed the harvesting of the crop of 1919 causing heavy loss of the 
grain; the results for that year are, therefore, rather misleading, and are for that reason left 
out entirely. 

t Pounds of hay per acre. 

§ The second crop, on this plot, amounting to 1720 pounds per acre, consisted entirely 
of crab grass; the actual yield of timothy, on tHs plot, was only 450 pounds per acre. 

























TABLE 4 

Numbers of microSrganisms in the soil on May 20,1021* 
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♦Tlie numbers in tables 4-12 indicate the total number of colonies develc^ung on the plate. The actual number will be obtained by multiplying 
by the proper dilution (100,000 for B and A and 1000 for F). 
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The poorest yields were obtained from the unfertilized plot (7A) followed by 
those that received either lime alone (7B) or minerals alone (4A and 19A). 
The plot receiving ammonium sulfate alone gave rather good yields the first 
5 years, but gradually dropped down due to increasing acidity from the yearly 
application of the fertilizer, as seen from table 13 where the reactions are given. 

The plots were sampled 4 times throughout the siunmer, May 20, June 27, 
July 18, and September 22. The first set of samples was taken when the soil 
had not yet had a chance to dry out, the second set of samples was taken after 
a prolonged dry speU, and the third and fourth soon after brief heavy rainfalls, 
at the end of dry periods. Fifteen to twenty individual samples were taken 
from different parts of each plot by means of a 1-inch sampling tube from the 
upper 6 inches of soil and mixed into 5 composite samples which were used for 
the determinations, except on June 27 when only 4 samples were prepared for 
each plot. 

The methods of sampling, plating, etc., were given in the previous paper 
(17). The moisture content and soil reaction (5, 1) at the various dates of 
sampling are found in the summary table 13. By mistake, the soil moisture 
was determined only roughly in the first set of samples. 

Tables 4,5,6,7, 8,9,10,11 and 12 contain the numbers of microorganisms 
obtained, by the plate method, on the different dates of sampling. The 
first four tables (4, 5, 6, 7) contain all the ntiicroOrganisms developing on the 
albumen agar plate; the three columns for each plot have the following designa¬ 
tions: B -f A = bacteria and actinomycetes, indicating all the organisms 
developing on the plate, except the fui^i; A = actinomycetes; F = fungL 
Tables 8, 9, 10, 11 contain the numbers of microorganisms, except the fungi 
found on July 18,1921 and September 22; the fungi for the samples taken on the 
corresponding dates were determined by the use of the special acid medium 
(17) having a pH = 4.0 with a dilution of 1:1000, and are briefly siunmarized 
in table 12. 

The dilutions used m counting Ihc total number of microorganisms were in all 
cases 100,000. The figures designate the number of colonies on the plate. 
The plates were always incubated 3 days for the special fungus media and 7 
da 3 rs for the bacteria and actinomycetes at 2S-27°C. The total number of 
microbrganisms per gram of moist soil ran then be obtained by merely multi¬ 
plying the number of colonies by 100,000. By making another multiplication 
by a factor allowing for the moisture content of the sample, as given in table 13, 
the numbers are obtained on the basis of air-dried soil. 10 plates (8-9 plates 
for table 9) were poiured for each soil sample using synthetic agar (modified 
albumen). At first all the colonies, except the fungi, were counted, with the 
naked eye and reported under column B -1- A. The actinom 3 ^etes were then 
counted and reported mider A, while the fungus colonies are given under F. 
Where plates were badly oveigrown with fungi, particularly in the case of 
certain Mworales which prevent any extensive devdopment of bacteria and 
actinomycetes, the plates were discarded and not induded in the count. Each 
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Numbers of microUrgamsms in ike soil on June 27, 1921* 
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Cf. footnote to table 4, p. 326. 
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TABLE 8 

Numbers of microorganisms in the soil on July 18,1921* 
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* Cf. footnote to table 4. 
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Numbers of micro&rgamsms in the soU on September 22,1921* 
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*Ct, footnote to table 4, p. 326. 
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Summcnry of results reported in table 8 
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19B 134.3 ± 2.75 38.4±1.06 








































EFFECT OF FEETILIZATION ON NUMBERS OF MICBOORG.^NISMS 337 


TABLE 12 

Numbers of fungi in the soil on July 18 and September 22,1921 ^ as determined on special acid 


PLOT NUMBER 

NUMBER OF FUNGI PER CRAM 

July 18 

Sept 22 

4A 

31,000 

45,600 

SA 

54,000 

91,000 

7A 

56,000 

63,000 

9A 

47,000 

45,900 

llA 

115,000 

107,900 

ISA 

73,000 

87,600 

19A 

61,000 

48,200 

7B 

28,000 

16,900 

IIB 

44,000 

34,200 

19B 

32,000 

26,200 



Fio. 2. Crop Yields from Plots and Bacterial Nubobrs 

Figures for yields deaigxuitc thousands of pounds of dry matter per acre; the numbers 
of microorganisms arc in millions per gram of moist soil. 
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TABLE 13 

Summary of residts—Average of 4 samiplings 


PLOT 

NUMBER 





AVER- 

AVER- 


B + A 

A 

F* 

Ft 

age 

MOIS¬ 

TURE 

AGE RE¬ 
ACTION 

SOIL TREATMENT 


number 

n7itnber 

numhef 

numbef 

per cent 

PB 


4A 

7,490,000 

920,000 


31,000 


5.8 



4,700,000 

6,960,000 

1,290,000 

1,830,000 


45,600 

1^ 

5.4 

5.5 

'Minerals only 


7,570,000 

2,050,000 

H 


13.8 

5.7 


Aver. 


1,520,000 

234,000 





Aver, 

B + A 


22.7% 

3.5% 





5A 


2,320,000 

365,000 


10.0 

5.6 




1,810,000 

303,000 


4.8 

5.0 




3,030,000 



12.5 

5.4 

Manure 



4,510,000 



11.7 

5.5 


Aver. 

11,720,000 

2,920,000 

334,000 





Aver, 

B A 


24.5% 

2.9%> 





7A 

4,680,000 

1,360,000 

240,000 


12.0 

4.0 

> 


3,610,000 

940,000 

200,000 

RftSj 

5.3 

4.0 

Control, no fer¬ 


3,530,000 

940,000 



8.2 

5.1 

tilizer 


4,760,000 

1,350,000 



10.7 

5.1 


Aver. 

4,150,000 

1,150,000 

220,000 

59,750 



1 

Aver, 

B + A 


27.7% 

5.3% 





9A 

9,990,000 

1,780,000 

170,000 

47,000 

10.0 

5.8 



6,650,000 

2,030,000 

163,000 

45,900 

3.7 

5.3 

NaNO» + 


11,610,000 

2,570,000 



12.6 

5.4 

minerals 


12,270,000 

3,750,000 



12.5 

5.6 


Aver. 

10,130,000 

2,530,000 

167,000 

46,450 




Aver, 

B + A 


25,0% 

1.65% 





llA 

2,780,000 

380,000 


115,000 

12.0 

3.9 



1,560,000 

230,000 


107,900 

4.8 

3.9 

1 (NBW1SO4 + 


2,850,000 

200,000 



11.4 

3.9 

)nninftm.lA 


5,040,000 

680,000 



12.6 

4.7 


Aver. 

3,060,000 

370,000 

445,000 

111,450 




Aver, 

B + A 


12.1% 

14.5% 






* Results based on tables 4 and 6. 
f Results based on table 12. 
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TABLE 13 —Coniintui 


Aver..... 
Aver. 

B + A 


14,<>30,000 3,380,000 
12,800,000 2,970,000 
10,550,000 2,750,000 
16,700,000 4,730,000 


13,750,000 3,460,000 268,000 80,300 

2S.2% 1.95% 


F 

1 AVER- 

P AGE 

HOIS- 
TXJRE 

AVER¬ 
AGE RE¬ 
ACTION 

number 

number per cent 

PB 

235,000 

73,000 10.0 

5.8 

300,000 

87,600 5.0 

5.2 


12.1 

5.3 


11.4 

5.6 


Soa TREATMENT 


1 Manure + 
NaNOs + 
minerals 


6,310,000 1,460,000 
4,010,000 1,190,000 
4,500,000 1,330,000 
6,550,000 1,380,000 


I 243,000 61,000 10.0 
t 206,000 3.6 

9.8 

1 11.2 


^Minerals only 


Aver. 

Av&r, 


5,340,000 1,340,000 225,000 61,000 

25.1% 4 2% 


22,000,000 


7,720,000 2,260,000 
5,090,000 2,030,000 
7,410,000 2,290,000 
10,240,000 3,060,000 


29,400 12.0 


7.0 Manure + min- 
erals + lime 


146,000 28,000 10.0 6.4 ' 

114,000 16,900 3.1 6.2 

9.8 6.8 

11.4 6.2 


Aver. 7,620,000 2,410,000 130,000 22,450 

31J% 1.7% 


10,140,000 2,410,000 
7,710,000 2,000,000 
9,210,000 2,350,000 
10,960,000 3,250,000 


180,000 44,000 10.0 
130,000 34,200 3,1 
9.9 
9.0 


(NH4),S04 + 

/ minftTft lg -j- 

\ lime 


Aver. 9,510,000 2,520,000 155,000 39,100 

26.5% 1.63% 


12,400,000 3,100,000 
7,300,000 2,300,000 
7,360,000 2,040,000 
13,430,000 3,840,000 


164,000 26,200 10.0 
163,000 3.4 

9.8 

10.1 


(Minerals + 
I lime 


Aver. 10,120,000 2,820,000 164,000 26,200 

ZT.S%o 1.6% 


t This plot had the same treatment as 5A with the addition of lime; it had been sampled 
but once (Sept. 22), and the results are given here for comparison. 
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column represents tiie colonies obtained from one particular plot, at one par¬ 
ticular date, with. 100,000 dilution or 1000 dilution for special acid medium 
(table 12). Each group in the column represents the plates counted for each 
of the different composite samples taken from each plot. The results are 
calculated by the use of the formulae given in Paper I of this series (16), 
namely: 

V 2 (Zn - a)2 
— 1 


Most probable error 


d= 0.674S 


JS(Zn-a)“ 
1 n(n - 1) 


C.V. 


Em 


the average deviation X 100 
mean 

most probable error X 100 


DISCUSSION OE RESULTS 

To be able to discuss the results more thoroughly, all the tables have been 
condensed into table 13 and figure 2 which show at a glance the influence 
of fertilization upon the numbers of the different groups of microorganisms in 
the soil, as determined by the plate method. 

The lowest number of microorganisms is found in the plot receiving annually 
ammonium sulfate without any application of lime. This plot has become so 
acid that there was practically no crop during the summer in question; there 
was, however, a second crop consisting chiefly of crab grass. This ammonium 
sulfate plot gave the lowest number of microbrganisms, since the reaction of 
the soil during the major part of the summer was less than pH 4.0, which is a 
reaction distinctly unfavorable to bacterial activities. The actinomycetes 
were even more affected than the bacteria, so that not only did the total num¬ 
ber of microorganisms (except the fungi) drop down to 3 million per gram, but 
the percentage of the actinomycetes was only 12.1, while in the untreated plot 
it was 27.7. This is due to the fact that the actinomycetes, as shown by the 
writer elsewhere (18), are very sensitive to acid conditions. However the acid 
reaction did not prevent the growth of the fungi, which developed even to a 
greater extent due to the presence of a good source of nitrogen and probably 
due to the lack of competition from the bacteria and actinomycetes. There 
were 111, 450 fungi per gram of soil, in this plot, using the acid medium, a 
greater number than that of any other plot. This was equal to 14.5 pet cent 
of the number of bacteria and actinomycetes on the bacterial plate. In 
this plot we find a striking correlation between a low crop yield (practically a 
minimum) and a low number of microorganisms. The low number of actino¬ 
mycetes and high number of fungi are rather a result of the reaction of the plot 
than of any lack in fertility. In the study of this plot, the correlation found is 
between bacterial activities, as expressed in numbers of microbrganisms, and 
the chemial condition in the soil, rather than its fertility. 
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As soon as lime is added to the soil and the acidity resulting from the use of 
ammonium sulfate is neutralized, there is a rise both in crop productivity and 
bacterial numbers. This reverse picture is found in plot IIB which received, 
in addition to an equivalent amount of ammonium sulfate and minerals as 
11 A, also limestone at the rate of 2 tons per acre every 5 years. The pro¬ 
ductivity of this plot is very high, giving throughout the whole period as good 
yields as the sodium nitrate plot (9A), but smaller 3delds than the two manured 
plots (SA and 18A). The number of microorganisms on this plot are only a 
trifle less than those on the nitrate plot and appreciably less tha-n in the two 
manured plots. The percentage of actinomycetes increased from 12.1 to 26.S, 
or from the lowest of the whole series to the general average, while the fungi 
dropped from 111,450 to 39,100 per gram on the acid me^ and from 14.5 
to 1.63 per cent on the general plates. This bears out again the statement 
made in the previous paragraph that the total and relative numbers of actino¬ 
mycetes and fungi are a function of the soil reaction rather th^n of the chemical 
and bacteriological condition of the soil. The correlation between the pro¬ 
ductivity of the soil and total number of microorganisms is again brought out. 

Plot 9A which received annually sodium nitrate behaved in general like 
IIB, as seen from the following correlation: 



PLOT9A 

PLOT IIB 

Total bacteria. 

10,113,000 

25 

46,450 

1.65 

5.5 

9,500,000 

26.5 

39,100 

1.63 

5.8 

ArtinoTnycetGS, per cent. 

Fungi (acid medium). 

Fuiif?us ratio on, general plate.. 

Reaction, pH... 


Total crop 3 deld, lbs... 

50,488 

53,826 



When the fact is kept in mind that the crop yields are quite similar on the 
two plots (slight differences may be due to preference of plants in question for 
the particular source of nitrogen or for calcium as a fertilizer), we may con¬ 
clude that the two fertilizers affect alike the numbers of microSrganisms in 
the soil, as long as there is enough lime in the soil to neutralize the acids 
left or formed from the ammonium sulfate. Again the bacterial numbers 
in the soil are found to be a function of the productivity of the soil, when 
properly determined and when the variability is accounted for. 

^^en the two plots 9A and IIB are compared with plots 4A and 19A 
which received the same amount of minerals but no nitrogenous fertilizer, 
we find that the addition of the nitrogenous fertilizer, where it did not result in 
an acid reaction, as in llA, resulted in an increase both of crop production and 
numbers of microorganisms. It is interesting to note that, while the yidld from 
9A is nearly double the yield obtained by averaging 4A and 19A, the numbers 
of microdrganisms are also nearly double. While the ratio of actinomycetes 
remained the same, the ratio of the fungi to the total number of microSrganisms 
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is 3.7 per cent for the plots without any nitrogenous fertilizer and 1.64 per cent 
for the two fertilized plots (9A and IIB). This may be due eitlier to a slight 
difference in reaction, which is somewhat more acid in the former, or to a 
stimulating effect of the nitrogenous fertilizers ujDon the activities of bacteria 
and actinomycetes to a much greater extent than of the fungi. 

If lime is added to the soil in addition to minerals (plot 19B) there is a decided 
increase in the number of microSrganisms. The reaction of all the plots not 
receiving lime is decidedly acid and we may assume that the activities of micro¬ 
organisms in these plots are kept somewhat in check. The soil in IIB receiving 
lime is still decidedly acid due to the large amounts of ammonium sulfate used. 
In 19B, however, the addition of lime resulted in making the soil neutral. This 
resulted in an increase in the ratio of actinomycetes, a decided decrease both in 
the numbers and ratio of fungi and an increase in the total numbers of micro¬ 
organisms (bacteria + actinomycetes). This is accompanied by an increase 
in crop yield so that the crop obtained from 19B is almost double, for 1921 
than that of 19A. If there is no close parallel as in the case of the previous 
plots, it is no doubt due to the lack of uniformity of the soil in the different 
plots as seen from 4A and 19A which, although receiving the same treatment, 
gave different crop yields during the different periods. 

Taking up the two manured plots, one without (5A) and one (18A) with so- 
dium nitrate, we obtain the greatest nmnber of microorganisms. The fact that 
manure greatly stimulates an increase in bacterial numbers has been brought 
out by various investigators, Engberding (2), Temple (IS), and others. The 
numbers of actinomycetes increased with the bacteria so that the same ratio 
is obtained. As to the fungi, there is a definite increase in nxunbers in both 
plots as shown by the use of the special acid medium, but the ratio of fungi to 
the total number was decreased somewhat, more so in the plot that received 
also sodium nitrate. This would indicate that the addition of manure to the 
soil results in an increase in the numbers of fungi, but not to such an extent as 
do the bacteria and actinomycetes, which results in a drop in the ratio of 
fungi. In the case of these two manured plots, we find again a definite cor¬ 
relation between the soil productivity, as indicated by the crop yield for the 
whole period, and numbers of microtirganisms, Tlic plot (SB) that received 
both manure and lime was sampled only once (Sept. 22). It indicated a fur¬ 
ther increase in the total number of microorganisms (22,000,000 as compared 
with 17,270,000 in SA at the period of sampling) and a drop in the fungus 
numbers which would be expected from the change of reaction to neutrality. 
This was also accompanied by a greater crop yield. 

The two plots receiving no mineral or nitrogenous fertilizers at all are 7A 
and 7B, the latter being the limed plot. The first plot has become so exhausted 
due to continuous cropping without fertilizer that the crop of hay the year 
under study, was almost negligible. This may be due either to the high 
acidity of the plot, particularly in the early part of the summer, to 'the exhaus¬ 
tion of nutrients or accumulation of toxic products. Whatever that may be. 
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the crop yield was paraJleled by the number of microdrganisms. With the 
exception of 11 A, 7A gave the lowest numbers of microorganisms, including 
both bacteria and actinomycetes. The ratio of the latter was not so low as in 
11 A, but remained normal, while the number and ratio of the fungi was much 
above normal (in comparison with plots 4A or 19A), although less than in llA. 
This would indicate that the conditions that brought about the lack of fertility 
in plot 7A, due to continued cultivation, injured bacteria and actinomycetes 
alike, but not the fimgi. If it is a question of reaction, which may be quite 
probable, it is easily explained by the fact that the acid reaction favors the 
development of fungi in preference to the bacteria and actinomycetes. How¬ 
ever, the latter organisms are not injured to such an extent as in Plot llA, 
possibly due to the fact that the organic acids formed in 7A and which account 
chiefly for the acidity of this plot are less injurious to actinomycetes than the 
inorganic acids resxflting from the application of ammonium sulfate in 11 A. 
As a matter of fact, the actinomycetes can use organic acids as sources of 
carbon and break them down thus tending to make the medium less acid. 

The addition of lime to the plot receiving no fertilizer (7B) resulted in an 
increase in the numbers of microbrganisms, an increase in the ratio of actino- 
mycetes, a decrease in the ratio and numbers of fungi, and an increase in 
crop production. 

It would therefore seem conclusive, from the above considerations, that the total 
number of microorganisms as determined by the plate method can serve as a ftinc- 
(ion of the bacteriological condition of the soil and as an index of soil fertility. 
The relative numbers of bacteria, actinomycetes and fungi indicate also the chem¬ 
ical condition of the soil. 

Manure has the greatest effect in stimulating the numbers of micro5rganisms 
in the soil. Next to the action of manure, liming of acid soils stimulates the 
development of bacteria and actinomycetes. While manure offers a source of 
energy for the activities of bacteria, fungi and actinomycetes, lime neutralizes 
the soil acidity making the soil a more favorable medium for the development 
of bacteria and even more so for actinomycetes, while the fungi are depressed 
either due to the unfavorable effect of the reaction or to the competition of the 
other microorganisms (antagonistic effects included). The addition of lime 
stimulating tlie development of bacteria and actinomycetes, which are able 
to decompose the soil organic matter, thus making the nitrogen stored away 
available for higher plants, is equivalent to nitrogen fertilization. The 
addition of lime to the soil is foimd to have a more stimulating effect upon tha 
number of microdrganisnas th an upon crop yield, as shown in Fig. 2 (7B and 
19B). This is due to two or more factors. The addition of lime in the above 
cases brought about a change in reaction critical to the growth of various 
bacteria, like Azotobacter, and actinomycetes; the plants which may not be 
so sensitive to the add reaction of the soil as certain groups of bacteria are 
probably not affected as favorably as those bacteria. The addition of lime to 
an add soil also brings about a redistribution of the various groups of soil 
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microorganisms (qualitative) ■whidi may account for the lack of perfect 
parallelism. 

Artificial fertilizers serve as direct plant food for higher plants and stimulate 
the activities of microSrganisms, so far as those developing on the plate are 
concerned, only to a smaller extent. They modify largely the activities of 
microbrganisms in the soil due to the secondary reaction produced, such as 
change in reaction or physical condition of Soil, etc., which will allow specific 
groups of microSrganisms to develop. 

■When the different periods of sampling are compared, wc find that, at the 
end of dry spells, as in the case of the second sampling, the numbers of miao- 
organisms drop down. The question then arises, when is the proper time to 
sample the soil, so as to obtain a representative bacterial flora? If the soil 
is sampled after a long dry period, the numbers will be much below the average, 
the drop not taking place alike in all soils. As a simple example, wc may cite 
the fact that although in SA, the numbers dropped from the May to the June 
sampling more than one-half, then increased to nearly three times in 
September, in plot 7A they dropped only one-quarter and then increased again 
by one-third. This is due to two causes: the conditions in 7A are unfavorable 
for bacterial activities and the forms present are more or less resistant, such as 
spore formers, etc., while 5A offers good condition for bacterial development. 
A prolonged dry period therefore, is bound to have a much greater effect on the 
bacteria in 5A than in 7A. Then again when the soil becomes again moist, 
the abundant organic matter in 5A will allow a rapid development of the 
bacteria, while in 7A it will take place only to a limited extent. 

This brings us to the second point: should thesofls be sampled shortly after 
a heavy rainfall? In this case the reverse conditions will hold true with results 
more favorable for the optimum soil conditions, as pointed out previously. 
The prolonged drying followed by heavy rainfall will act as a rapid shift in 
bacteriological equilibrium (sec table 1), which will not be noanife&tcd alike in 
poor and fertile soils. The most ideal time for sampling would be not after a 
dry period and not soon after a wet period, but somewhere in between. How¬ 
ever, before we have more definite information on the change of bacterial 
equilibrium in the soil, we have to take several samples dining the growing 
season and base our results upon these. 

STTMUAEY 

The results obtained from the investigations presented in this and the pre¬ 
vious two papers dealing with the numbers of microfirganisms in the soil can 
be summarized as follows: 

1. The results based on one soil sample only are valueless. Several samples 
of the same soil, composite, if possible, should be used. 

2. A large enough number of plates should be used (S-10 for each soil sample) 
so that the most probable error of the mean for the total number of micro- 
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organisms in each soil be less than 5 per cent. When it is reduced to 2 or 
2.5 per cent the results are more valuable. 

3. Only the numbers of bacteria and actinomycetes should be determined 
on the regular plate. Special acid media should be used (pH = 4.0), with a 
dilution one-hundredth of that used for the determination of the total number 
of microbrganisms, for the determination of numbers of fungi in the soil. 

4. Synthetic media should be used. The plates should be incubated at 
25“28®C. for 7 dtiys, or at room temperature for 14 da 3 rs. All colonies should 
be counted on the plate, with an optimum of 50—200 colonies of microorgan¬ 
isms per plate. The only plates discarded from the count are those badly 
overgrown with fungi. 

5. With these precautions carefully obseived, it has been found that 
fertilizer treatment exerted the following influences upon the numbers of micro¬ 
organisms in the soil, using a sandy loam, not very rich in organic matter: 

(a) Potassium salt and phosphates stimulated the development of micro¬ 
organisms, more so in the presence of lime than in its absence. 

(b) The addition of lime resulted in a decrease in the numbers of fungi and 
an increase m numbers of bacteria and actinomycetes. 

(c) Sodium nitrate stimulated the development of bacteria and actinomycetes 
but not of fungi. Ammonium sulfate, making the soil distinctly acid, stimu¬ 
lated the development of fungi, with a decided decrease in the numbers of 
bacteria and particularly actinomycetes. Where lime was used together with 
the ammonium sulfate, the stimulating influence was equal to that of sodium 
nitrate. 

(d) Manure exerted a decided stimulating effect upon all groups of micro¬ 
organisms developing on the plate. 

6. Crop production ran nearly parallel, in the particular soil, with the num¬ 
bers of micro8rganisms in the soil developing on the plate. 

CONCLUSION 

The numbers of microorganisms in the soil, when determinations are carried 
out under proper conditions, with due allowance for the variability of the 
methods used and soils, can serve as one function for measuring the bacterio¬ 
logical condition of the soil and crop production. To determine the 
bacteriological condition properly, we must find other functions, which will be 
the subject of the following investigations. 
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INTRODUCTORY 

The functions of silica in plant economy are but little understood. Most 
writers on plant physiology class silicon with the non-essential elements, but 
with the reservation that although it may be dispensed with, many plants do 
better when it is present, if for no other reason than that they are accustomed 
to it. Deposits of silica are supposed to serve a useful purpose by hardening 
the outer walls of the plant stems, sharpening the edges of leaf blades or 
stiffening hairs, all of which are protective agents. 

It has been thought that silica serves to stiffen the stems of cereals, and that fertilization 
with soluble silicates would thus be useful in preventing lodging of the crop, but according to 
Sachs (13, p. 289) the theory has no basis in fact. Pfeffer (12, vol. 1, p. 414) suggests that 
silicon may function like calcium in hdping further to reduce the amount of potassium or 
phosphorus necessary for development. Certain plots at Rothamsted are Messed with 
sodium silicate and on the phosphate-starved plots the silicate appears to have caused marked 
increases in the barley crop. Hall and Morison (7) have made a study of these plots and 
conclude that the silicate causes an increased assimilation of phosphorus, the seat of action 
being in the plant and not in the soil. That is, the influence of the silicate upon the plant 
has enabled it to secure an increased amount of phosphorus from the soil, although from 
the lack of phosphorus fertilization the soil had become highly deficient in that dement. 
A connection between the presence of silica and utilization of phosphorus had been noted 
by Kreuzhage and Wolfr (9) from the results of solution-culture experiments with oats. 
In their work, the silica had l^en dissolved in the minimum amount of potassium hydroxide 
and added to the .solution acid with sufficient nitric acid to neutralize the alkali and retain 
the silica in colloidal solution. Jennings (8) grew wheat seedlings in various colloidal jellies, 
and found that l-per cent silica jelly was of great benefit to growth, while an agar jelly was 
less beneficial and under some circumstances was distinctly harmful. He concludes that 
silica is beneficial because absorbed and actually used by the plant. 

Cowles (4) and Scheldt (14) have published data showing beneficial results to various 
crops from applications of dicaldum sfiicate, a by-product from the manufacture of sodium 
aluminale. T^s material contains a readily decomposible calcium silicate, also a certain 
amount of water-soluble sodium silicate. They attribute its value to both the calcium and 
silica contained, Conner (3) reports that dicaldum silicate gave better results in field and pot 
experiments than were obtained from the use of lime. This is attributed to the superior effect 
of the active silicate in reducing the amount of aluminum in the soil solution, which Connor 
considers to be the most harmful factor in acid soils. At equivalent hydrogen-ion concen- 
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tration, aluminum is less soluble as silicate than as hydrate, according to data reported in 
the article cited. 

It ha* been shown in this laboratory that the bases of dicalcium silicate aie quite as 
effective in reducing lime requirement of soil as arc those of ground limestone under similar 
conditions. Ground blast furnace slag was included in this lest, and while its activity was 
less than that of the other materials mentioned, it was quite appreciable (15), While the 
bases of slag have thus been shown to be less available, or loss active in satisfying the soil’s 
absorptive capacity for bases, it docs not necessarily follow that tlic effect of slag ui>on i)lanL 
growth will be inferior to that of limestone. It may possibly have virtues peculiar to itself, 
and only to be revealed by practical trial. Pot tests have indicated that both finely ground 
blast furnace slag and precipitated calcium silicate arc superior to precipitated calcium 
carbonate used at the same rate, 4400 pounds per acre, when tested with red clovei as the 
crop (1). And further, the value of several natural silicates as soil amendments in pot 
experiments has been demonstrated by Macintire and Willis (10). 


OBJECTS OE EXPERIMENT 

Consideration of this earlier work led to the belief that instructive results 
might be obtained from pot experiments in which several carriers of silica and 
both soluble and insoluble phosphates were applied to various pots, and crops 
grown under conditions approaching normal. The amounts of silica taken 
up by plants from that offered in various forms, the effect of applications of 
calcium carbonate upon the assimilation of silica and the effect of silica upon 
the amounts of phosphorus utilized by plants from that applied to the soil as 
soluble monocalcium phosphate and as rock phosphate (floats) were other 
points considered in planning the experiment. 

In particular, it was desired to determine whether the demonstrated value 
of blast furnace slag is due partly to its silica content, or whether the bases 
supplied are the sole cause of its beneficial effects. The great quantities of 
blast furnace slag available in many localities having soils in need of liming, 
and the apparent effectiveness of the material as a substitute for ground 
limestone as a soil amendment, led to its inclusion in the present investigation. 
Furthermore, the possibility suggested itself that blast furnace slag might be 
both a sufficient source of bases for acid soils and of silica for plants, and that 
the silica thus supplied might be of positive benefit to crops, especially with 
respect to increasing the possible utilization of insolulfle phosphate, as the 
work previously cited has suggested. There seems to be still another reason 
why the use of slag instead of limestone with rock phosphate might be advan¬ 
tageous. Both theory and results of practical field experiments indicate that 
rock phosphate is most effective when used 6n a soil not too abundantly 
supplied with bases. Yet the maintenance of fertility is not possible without 
legumes, which require lime in some form. A material like slag, less active 
than the common forms of lime when finely divided and thoroughly distributed 
in the soil, might be able to supply sufficient calcium and sweeten the soil to 
an extent sufficient for a satisfactory growth of legumes without m^-king 
soil conditions too unfavorable for the utilization of rock phosphate. 
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SOIL, MATERIALS AND PROCEDURE 

The soil used for the experiment was Wooster silt loam obtained from the 
edge of one of the fertility fields on the Station farm; it is not known ever to 
have been limed, contains but a trace of carbonate and is acid to litmus 
paper and the Truog test. The soil to the depth of 6 to 7 inches and the sub¬ 
soil down to 1 foot were taken up separately and after thorough mixing by 
shoveling were packed in their proper order in 20-inch sewer pipes sunk in the 
ground for pots. The subsoil was tamped in very firmly to make good con¬ 
tact with the native subsoil at the bottom. The top of the subsoil was within 
7 inches from the top of pot. The pots were completely filled with thoroughly 
compacted soil and finally finished with a slightly convex surface. The object 
was to secure a very compact subsoil, as exists in the field, and to prevent ab¬ 
normal conditions as a result of the soil shrinking away from the walls of the pot 
after a time. Calcium carbonate, silicate, hydrated silica, blast furnace slag 
and rock phosphate (floats) were applied by removing the upper 6 inches of 
soil, mixing the materials with it and replacing it in the same manner as it was 
first put in the pots. Sodium silicate (water glass) and dialyzed silica were 
diluted with water, sprinkled over the soil removed as stated and the whole 
mixed. After allowing the mixture to dry, lumps were crushed and the soil 
was again mixed and replaced in the pot. Potassium and nitrogen were added 
to all pots in solution containing 70 cc. of 10-per cent potassium nitrate and 
soluble phosphorus by 73 cc. of 10-per cent monocalcium phosphate where 
indicated. One or both portions of the solution were diluted to 250 cc. and 
distributed over the surface of the pots as evenly as possible by means of a 
separatory funnel. After drying, the soil was thoroughly mixed and put into 
optimum condition for seeding. Pots receiving soluble phosphate had the 
equivalent of 2600 pounds per acre of fertilizer containing 2 per cent ammonia, 
7 per cent phosphoric acid and 5 J per cent potash. All received nitrogen and 
potash at the same rate. Rock phosphate was applied at the rate of 1100 
pounds per acre; the commercial ground rock was used. 

The calcium carbonate used was Baker's Analyzed; each pot limed received 
182 gm. which is equivalent to 4 tons per acre. The calcium silicate, corre¬ 
sponding to the formula CaSiOs, was prepared by the interaction of solutions of 
calcium chloride and sodium silicate. This and blast furnace slag were used 
at the rate of 100 gm. per pot. The hydrated silica was produced by adding 
excess of sulfuric acid to diluted water glass, evaporating and washing; pots 
receiving tliis ako had 200 cc. dialyzed silica, made by adding diluted water 
glass to excess hydrochloric acid, and dialyzing in collodion bags imtil nearly 
free from chlorine. It was stiU liquid when applied but could be caused to set 
to a jelly. The blast furnace slag was ground to pass a 100-mesh sieve, and was 
from the same lot as that employed in other tests previously reported (1, IS). 
All treatments with silicon compounds were intended to furnish approximately 
1000 pounds per acre silicon, and the quantities applied were dependent upon 
the composition of the material. 
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Crops on these pots were treated so far as possible the same as those in the 
field with respect to time of seeding and were found to ripen at practically the 
same time. 


FACTORS AFFECTING YIELDS 

The variously treated pots were 30 in number, and were situated in a wire 
cage with similar pots used for other experiments. The materials applied to 
individual pots are indicated in table 1, together with yields and composition 
of crops from pots so treated, and need not be enumerated here. There were 
sixteen variations in treatment, all but two of which were in duplicate pots. 
The slag-treated pots were all in one row with duplicates adjacent, but dupli¬ 
cates of other treatments were in separate rows, about 2 rods apart, with the 
order of treatments reversed. The object of this separation was to determine 
differences due to local factors, and to prevent any erroneous conclusions. 
Results obtained indicate that this is a point of some importance, as row 33 was 
remarkably superior in appearance and yield to the duplicate pots of row IS 
in the case of the soybeans grown in 1920. Even in the cases of the adjacent 
duplicates in row 13, differences in yield and composition are considerable, 
although there is no consistency which would indicate that such differences 
were due to more than temporary influences. It is very difficult, if not indeed 
impossible, to avoid great variability in work of this nature. Even in solution 
cultures, with every precaution possible, it has been shown (5) that individual 
plants may vary in dry weight by SO per cent and duplicate cultures of six 
plants eaA by 20 per cent from the mean of 33. While the influence of 
this factor of variability in individual plants should be less in the case of these 
pots, which had an average of 30 soybean plants in 1918 and about 25 in 1920, 
it must still exert an appreciable influence, although probably insignificant in 
comparison with that of unavoidable differences in preparation and subsequent 
treatment of pots. The pots were seeded quite thickly, with the idea of 
thinning, the plants later to secure a uniform stand; after thinnmg, 
however, a few plants were accidentally lost. This factor, however, does 
not appear to have had much influence on the total yield of a pot, as the 
largest difference between the pots of a pair in 1918 was five plants, a pot with 
25 plants yiddiag 83 gm. CTop, while its duplicate with 30 plants yielded but 
66 gm. Another pot receiving nearly the same treatment and bearing 31 
plants yielded 123 gm. Even those pots with the smallest n um ber of plants 
had a heavier stand than is often seen in the field, and the plants came to 
maturity in a normal manner although greatly stunted on low yielding pots 
and always considerably smaller than plants in the fidd. 

The first crop grown was soybeans; the season of 1918 was unfavorable, and 
the pots had to be watered with rather hard tap water. Either on account of 
the dight amoimt of calcium carbonate thus supplied, or because the soil was 
not as add as had been thought, the unlimed pots bore quite as good a crop as 
those limed. Following the first crop of soybeans, it was dedded to grow a 
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cereal crop naturally high in silica, and the choice fell on oats. The treat¬ 
ment with fertilizers, i.e., nitrogen, potassium and soluble phosphorus only, was 
repeated. No additions of silica were made to any of the pots. The oats 
grown in 1919 suffered from the depredations of mice, whidi ate the seeds 
before they germinated, so that certain pots had to be replanted. Pots 9 and 
10 in row IS, and 6 to 10 in row 33 were replanted, some a third time. Yields 
were doubtless affected by the later planting. The pots were watered with 
tap water to some extent, but not so much as in 1918. The difficulties en¬ 
countered with the oats led to the choice of soybeans again for the third crop. 
A second application of aU the various treatments was made at the same rates 
as when first used, with the exception of calcium carbonate, which was applied 
at half the former rate. The season of 1920 was exceptionally favorable for 
soybeans, as may be seen from the large yields of the pots. Rains were 
regular during the growing season, and the pots were not artificially watered 
at any time. For that reason, perhaps, or possibly on account of the very 
rapid depletion of calcium from soils in cylinder experiments, as noted by 
Mooers (11), the yields from the pots without additions of basic materials are 
very small. The plants in pot 9, row 13, shed their leaves prematurely, so 
that the yield recorded was mostly stems, a circumstance reflected in the high 
silica and low phosphorus content of the crop from this pot. There were no 
pods borne on these plants, but those on pot 10 of the same row had a few. 
Buckwheat was the last crop grown, in 1921. It made a satisfactory growth 
on all the pots except those without lime or slag. On these, the seed germi¬ 
nated in a normal manner, but the plants grew scarcely at all. When the 
other plants had matured seed and were harvested, only a few stunted plants 
were still alive on these pots. The weights of dried crop secured were too 
small even to fximish samples for analysis. The crop suffered somewhat from 
dry weather, but was not artificially watered. The plants bloomed profusdy 
but seed production was quite light. 

ANALYTICAL METHODS 

Grain anti straw were always ground together in preparing the samples for 
analysis. Total .silica was determined by ashing 20 gm. of the finely ground 
sample in a platinum dish at the lowest possible temperature, finishing in an 
electric muffle furnace held at S00-5S0®C. The dishes were allowed to cool, 
covered, water and hydrochloric acid added and evaporated to dryness, 
finally baking at 120 to 130® to dehydrate silica. The residue was moistened 
with strong hydrochloric acid, diluted and digested until salts were in solution, 
and filtered on a retentive paper. The thoroughly washed silica was ignited in 
platinum, weighed, evaporated with 15 cc. hydrofluoric add plus a few drops 
suKuric add, ignited and weighed again. Total silica is thus obtained by 
difference. Sand was determined in a similar maimer, but instead of the 
separated silica being ignited, it was washed from the filter back into the dish, 
evaporated, 20-40 cc. 5 N sodium carbonate solution added and boiled 
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about S jcninutes, being kept covered while boiling. Some hot water and a few 
drops of strong sodium hydroxide solution were added, again brought to 
boiling, allowed to settle and carefully decanted onto the same filter. The 
residue in the dish was treated twice more with 20 cc. portions of the sodium 
carbonate, and was finally washed with water, then with dilute acid and 
finally thoroughly with hot water. The silica in this residue of **sand” was 
determined as previously described, and subtracted from total silica gives 
plant silica. In order to check the work, the soluble silica in the alkaline 
filtrates was determined directly in numerous cases. Good agreement was 
always obtained. The procedure described is the same in principle as the 
oflBlcial method (2, p. IS); a slight modification was designed to shorten the 
method. Dilution after boiling with sodium carbonate solution is not men¬ 
tioned in the oflEicial method, but was found essential with samples high in 
silica; if not done, the dissolved silica is likely to gelatinize on the filter, and 
thus cause much extra work if the determination is to be saved. 

The determination of “plant silica” is not by any means perfect. The data 
obtained from the soybeans grown in 1918 gave rise to the suspicion that silica 
in sand had been appreciably attacked and was included with the plant 
silica, since the percentages of silica in sand were much higher than those 
obtained from the soybeans grown in 1920, while plant silica percentages were 
considerably higher and showed a tendency to vary with the sand. It should 
be noted that the sodium-carbonate-insoluble silica is not all supplied by sand. 
Under the microscope, sand grains were almost absent from some of the 
residues. The bulk of the material was very fine and from the nature of the 
residue left after treatment with hydrofluoric and sulfuric adds, it was judged 
to be of dayey nature. The fact that it was much less in 1920 is due to the 
frequent rains of that season, which both washed the leaves of the plants and 
reduced windblown soil to a minimum. It is possible to employ a correction 
formula, after the plan of Dyer (6), to allow for silica dissolved from sand, and 
to do so seems to improve the dal a. One such formula, founded on the assump¬ 
tion that only 75 per cent of the extraneous silica was obtained as sand, appeared 
to fit the data obtaine<l from both the 1918 and 1920 crops of soybeans very 
well and made the results quite concordant. The percentage of plant silica 
in the two crops of soybeans contained in table 1 are calculated on this basis, 
i.e., the percentages of plant silica as indicated by the analytical data are 
decreased by one-third the amount of silica insoluble in sodium carbonate 
solution. The same procedure applied to the data obtained from analyses of 
oats, however, causes no improvement, nor indeed is it to be expected that the 
same formula could apply in both cases. The oats plant is much higher in 
total and sodium carbonate soluble silica, and the consequent dfficulty in 
dissolving all the plant silica would tend toward low results, rather than high 
for sodium carbonate soluble silica. Furthermore, the ash of oats plants con¬ 
tains practically no carbonate, while soybean-plant ash is high in carbonate, a 
factor which can hardly be without influence on the amount of extraneous 
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silica attacked during the ignition, in spite of all precautions to keep the 
temperature low. For these reasons, it is thought that analytical errors due to 
attack of sand and resistance of plant silica are more nearly balanced in the 
data for oats, and the percentages of plant silica in the crop tabulated are 
those actually obtained. The buckwheat is so low in silica that no effort at 
correction seems advisable. In all cases, the percentages of “sand silica” 
tabulated are those actually found by analysis. 

Total phosphorus was determined by the ofi&dal method (2, p. 18) and 
weighed as magnesium p 3 T:ophosphate. 

DISCUSSION OP DATA 

The yidds in grams of air-dry crop (all parts above ground) and percentages 
of silica insoluble in S iV sodium carbonate solution (sand silica) and soluble 
in that reagent (plant silica) and total phosphorus in the crops grown in the 
pots, are presented in table 1. The only reason for tabulating the percentages 
of extraneous silica (sand) is the possible inffuence of variations in this con¬ 
stituent upon the figures obtained for plant silica, as has been eqylained. To 
facilitate discussion of the effects of the different treatments, each is designated 
by a letter in the table. 

The effect of treatment with blast furnace slag will be first discussed. A 
comparison of data from treatments A, B and G, rock phosphate (floats) and 
blast furnace slag with and without calcium carbonate, and phosphate and 
carbonate together, does not indicate that slag is inferior to precipitated 
carbonate with respect to weights of crop produced. The slag has supplied 
sufficient base. Data for plant silica in both crops of soybeans indicate that the 
slag has supplied a considerable amount of silica, which has been assimilated by 
the soybeans. Variation between duplicate pots is loo great with the oats, and 
there is no suggestion of a similar effect with the buckwheat. On the other 
hand, buckwheat is the only crop furnishing data which suggest that the slag 
has been of any aid in the utilization of the phosphorus of rock phosphate. 
This effect seems apparent only in the absence of calcium carbonate, and 
unfortunately the crop failed on the pot (E) without slag or carbonate, so that 
there is no indication of how much phosphorus the plant might have taken up 
from the raw phosjihate in the absence of both basic materials. 

The treatments C, D and L are identical with those just discussed, aside 
from the substitution of the soluble monocalcium phosphate for the rock 
phosphate. With one or two exceptions, the largest yields were obtained from 
the treatment C with both slag and calcium carbonate. The availability of 
the silica in slag is again indicated, but calcium carbonate has reduced the 
amount assimilated. All crops after the first have given decisive indications 
of the ready availability of the soluble phosphate supplied, but there is no 
evidence that the silica in slag had any effect upon this. 

The yichl of soybeans from the first crop grown in 1918, on the pots receiving 
the treatments which have been discussed and considering treatments E and F 
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which had no additions of basic material, give some reason for the belief that 
the slag may have had a slightly unfavorable influence the first season. This 
is not apparent in later crops, although a second full application of slag and 
half application of calcium carbonate were made preceding the soybeans 
grown in 1920. 

The effect of the lack of basic materials in treatments E and F began to be 
noticeable at the second crop, and caused a practical failure at the fourth 
crop. Pots receiving slag as the only basic material compare well with those 
receiving calcium carbonate, although the latter was applied in larger amount. 
Data obtained from this experiment indicate that slag is an effective substitute 
for calcium carbonate; there is little evidence that it has a favorable cffectin 
any other respect. 

The treatments G and H, rock phosphate and calcium carbonate alone and 
with the addition of calcium silicate were intended to indicate whether a silicate 
presumably more active than slag would have a similar effect when used in 
connection with rock phosphate. Yields of the first and second crops appear 
to have been inaeased by the calcium silicate. The plant silica content of all 
the crops excepting buckwheat appears to have been appreciably increased 
by this substance. The phosphorus content of crops has been slightly in¬ 
creased in several instances where the silicate was used. 

The treatments J and L are similar, save that the phosphorus was in a soluble 
form. Again the yields are slightly increased by calcium silicate in the 
greater munber of instances; plant silica is considerably increased in all cases, 
but the effect on phosphorus is not plainly indicated. 

In the treatments N and P, calcium silicate and carbonate and carbonate 
alone, we have another opportunity to note the effect of calcium silicate, this 
time when used without any phosphorus carrier. The averaged yield of the 
pair of pots on which the silicate was used is larger than the yield where 
carbonate only was applied. The plant silica content is higher except in the 
case of buckwheat, and the averaged percentages of phosphorus arc slightly 
higher. 

Sodium silicate (water glass) was the source of silica for two treatments, 
K with soluble phosphate and calcium carbonate, and 0 with calcium car¬ 
bonate only in addition to the sodium silicate. Comparing these with the pair 
of pots P, which received calcium carbonate only, it is seen that K has usually 
borne the largest aops, as would be expected from the fact that this treatment 
included available phosphorus. The crop from these pots has likewise been 
highest in phosphorus. The silica of water glass has been absorbed to a 
considerable extent by both soybeans and oats, apparently but little by 
buckwheat, unless the figure for plant silica in the crop from pot 9 in row 15 is 
acc^ted. The determinations on the sample from both this pot and its 
duplicate were repeated, but the same results were obtained. The effect of 
the water glass upon the phosphorus content of the crop from the pots with¬ 
out phosphorus treatment is not definitdy indicated. Soybeans of 1918 
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indicated no effect, as did oats in 1919, save that the crop was larger where 
water glass was applied. Soybeans of 1920 indicated a marked increase in 
phosphorus content, and the buckwheat a remarkable increase, but the high 
figure is again dependent upon a sample which gave abnormal results for 
another constituent. 

The treatments with silicates discussed have been complicated somewhat by 
the extra base introduced by the silica carrier. The treatments I and M were 
designed to show the effect of silica itself. Hydrated silica, prepared by 
acidifying and evaporating water glass and washing the precipitate, and 
dialyzed silica in addition, were applied to these pots, together with calcium 
carbonate, and in one case, soluble phosphate. Except with soybeans in 1920, 
treatment 1, including phosphate, has yielded most crop. In the other years, 
the hydrated silica has shown practically no effect upon 3 delds as compared with 
the effect of calcium carbonate alone. The silica offered in this form has been 
assimilated, as is shown by a comparison between the composition of crops 
from pots so treated and from those pots having treatment P, calcium car¬ 
bonate without added silica. An inspection of the data for phosphorus con¬ 
tent of the crops from the pots discussed would seem to indicate that the 
added silica has resulted in a slight increase in phosphorus content of every 
crop except buckwheat. 

SUPPLEMENTARY TEST TOR COMPARISON OP SILICATES WITH CARBONATES 

This was started in 1914, and conducted in 20-inch sewer pipe cylinders in a 
manner similar to the test which has been described. The comparison included 
sulfur as a part of the treatment on several pots, as it was thought that the 
sulfur content of slag might be responsible for some of its beneficial action. 
The pots treated with powdered sulfur at the rate of 5 gm. each will not be 
considered, as the yields fell off very rapidly, evidently on accotmt of the 
increasing acidity. Pot 10 received two much smaller applications of sulfur 
the first and second years of the test, none thereafter, but was fertilized the 
third season. The soil was of the same type as that employed for the experi¬ 
ment previously described, but was taken from a slope long uncultivated and 
was found to have an appreciably greater reserve supply of bases. The blast 
furnace slag and other materials were from the same lots as those used in the 
other experiment described; the slag was ground to pass a 100-mesh sieve. 
In this case, slag, silicate and carbonate were applied at the same rate, 100 
gm. per pot, equivalent to 4400 pounds per acre. The fertilized pots re¬ 
ceived 3 gm. dried blood, 1.5 gm. potassium chloride and 1.7 gm, calcium 
phosphate each. The phosphate used was the dibasic salt. 

Yields and, in some cases, phosphorus contents of crops from these pots are 
presented in table 2. The first crop of red clover gave the largest yidd on the 
pots treated with calcium silicate, but the second cutting was largest on the 
slag treated pots. The total produced for the season averaged nearly the same 
on each pair of pots, fertilized and unfertilized together. 
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Calcium silicate seems to have been of most benefit to the wheat harvested 
in 1916; the phosphorus contents of the wheat are found to have an inverse 
relation to the yields, which are lowest on the pair of pots treated with calcium 
carbonate, but the crops grown on these pots carry the highest percentage of 
phosphorus. 

Previous to planting the 1917 crop of soybeans, the pots were given another 
application of basic materials at the same rate as at the beginning. The 
formula for the application of fertilizer was changed, thus: dried blood, 2.5 
gm.; sodium nitrate, 0.5 gm.; dibasic calcium phosphate, 2.7 gm., and potas- 
potassium chloride, 1.2 gm., were applied dry to each pot. Slag appeared 
to be of greatest benefit to soybeans, with calcium silicate next best. The 
connection between yields and phosphorus content of the crop noted in the 
case of the wheat was not apparent in the soybean crop. The indications of the 
soybeans grown in 1918 were practically the same as given by the crop of the 
previous season; yields were less, however. 

The slight increases or, quite commonly, marked decreases in the crop 
attributable to fertilization of these pots caused the abandonment of this 
part of the program. After 1917, no fertilizer was applied. The oats crop 
of 1919 did best on the pots treated with calcium silicate; the slag treated 
pots were next best. The soybeans grown in the exceptionally favorable year 
of 1920 gave a surprising 3 deld on the pots receiving calcium carbonate, far 
better than that obtained from the pots receiving silicates, which yielded 
about the same. The next crop, buckwheat grown in 1921, saw the slag treated 
pots again the best yielders, but calcium carbonate was second. The check 
pots, which had been gradually declining in yield, were nearly complete 
failures in 1921. Number 10, which had received sulfur the first two seasons, 
made the poorest showing. The total weight of crop produced in 7 years is 
nearly the same for blast furnace slag and calcium silicate. Calcium car¬ 
bonate was apparently more beneficial in the later years of the test than it had 
been at first, but in total weight of crops the two pots treated with carbonate 
are distinctly inferior to those receiving the silicate and blast furnace slag. 

RESULTS OF FIELD TEST OF SLAG AND LIMESTONE 

The agronomy department at this Station has conducted an investigation 
of the influence of various factors upon the physical characteristics of the 
wheat plant. Included in this work are two small plots, one dressed with slag 
at the rate of 6000 pounds per acre and the other with commercial ground lime¬ 
stone at half the above rate. In addition to the disparity in size of applica¬ 
tion, the factor of fineness of material also was probably in favor of the slag, as 
it was ground to pass a 20-mesh sieve, and 56 per cent of the material passed a 
sieve having 100 meshes per linear inch. The mechanical analysis of the 
limestone is not definitely known, but it was certainly coarser than the skg, 
since screen separation of similar lots of stone from the same source showed 
that 95 per cent or more passed 10 mesh and only 30 to 40 per cent passed 
100 mesh. 
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Small samples of mature wheat plants were taken from these plots, dried and 
after determining the amount and characteristics of the grain, the whole sam¬ 
ple of grain and straw together was ground for analysis. The results of the 
analytical work are presented in table 3, together with acre yields based on sin¬ 
gle plots 10 feet square. The yields recorded would indicate that the slag had 
been beneficial. No explanation is offered for the low yield on the plot receiv¬ 
ing limestone. The percentage relation of grain to the whole plant above 
ground is lowest in the case of the slag treated plot. The weights of 50 grains 
tabulated indicate that grain from this same plot is least well developed. The 
low percentage of phosphorus in the plants from this slag treated plot is doubt¬ 
less connected with the smaller proportion of grain in the whole plants, and 
might lead to the belief that a part of the grain had been lost, but the fact that 
the grain from this plot is lightest does not support this explanation. 

TABLE 3 


Yields and composition of wheat plants from Umc^tonc^ afid chech plots 
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Check. 

18.1 

25.5 

1.27 

0.30 

2.11 

0.213 

Slag. 

21.1 

19 8 

1.14 

0.35 

2.80 

0.176 

Limestone. 

12.6 

23.0 

1.17 

0.32 

2.32 

0.212 


On the whole, it docs not seem unreasonable to suppose that the large 
application of finely ground slag to the soil has resulted in an excess of nitrogen 
being made available. This would result in a greater vegetative growth, both 
by stooling and by the formation of straw, with but a slightly larger total 
yield of grain not well filled out. The wheat plants from the plot treated with 
slag are highest in plant silica, but the data do not indicate that this silicate has 
aided in the assimilation of phosphorus and thus tended toward improve¬ 
ment in quality of the grain. 

SUMMARY 

In this paper are reported the results of two scries of pot experiments and one 
fidd experiment on small plots, designed to determine the effect of blast 
furnace slag and other silica carriers with reference to supply of bases to the 
soil and aid in assimilation of phosphorus. Data from whidh conclusions have 
been drawn have included yields and chemical composition of the plants 
grown. 

One series of pot experiments indnded thirty 20-inch cylinders with sixteen 
treatments, and was designed to show the effect of silica applied in various 
forms to an add silt loam soil with and without caldum carbonate, rock 
phosphate or soluble caldum phosphate. Data from two creps of soybeans 
and one each of oats and budkwheat are available for drawing conclusions, 
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which may be summarized as follows: SiUca, added as air-dry hydrated silica 
plus dialyzed silica, blast furnace slag, calcium silicate and sodium silicate, 
was assimilated, as shown by increased percentages of plant silica in the 
crops. The silica was generally increasingly available from the compounds in 
the order given. Buckwheat showed smallest differences in silica content 
as the result of treatment, oats the greatest. Additions of calcium carbonate 
usually appeared to lessen the amounts of silica taken up by the plants. 

Ground blast furnace slag is an effective source of bases and its silica is to 
some extent assimilated, but conclusive evidence that the silica thus added to 
the plant is of use in enabling the plant to utilize more phosphorus from 
rock phosphate was not obtained. Except for buckwheat, calcium silicate is 
also an effective source of silica. The silica from this source appeared to 
enable most of the crops to obtain more phosphorus, when that element was 
added as rock phosphate. 

Pots treated with various silica compounds and soluble phosphates fur¬ 
nished no data on which to base conclusions as to the action of silica in phos¬ 
phorus assimilation. A majority of the pots to which additions of silica 
compounds with calcium carbonate were made showed increased yields and 
phosphorus content in the crop as compared with pots receiving calcium 
carbonate only, the soil being the sole source of phosphorus. 

A second series of eight cylinders, similar to those described, furnish a 
comparison of the effects of equal weights of slag, precipitated calcium silicate 
and carbonate, with and without a complete fertilizer. Seven crops were 
grown on this series of pots and with the exception of one season, yields on the 
pots to which the silicates were applied were greater than yields from check 
pots or those receiving carbonate. 

Benefit from calcium carbonate was unmistakable only after the second year, 
but became increasingly noticeable with time. Of the three crops from which 
samples were analyzed, only the soybeans showed any consistent rdation be¬ 
tween silica and phosphorus utilization. With this crop, the plants were 
higher in phosphorus on those pots where silicates were used instead of 
carbonates. The wheat crop indicated that the opposite was the case, but low 
yields accompanied the high phosphorus percentages. 

A field test in which finely ground slag applied at the rate of 3 tons per acre 
was compared with half as much limestone, probably somewhat coarser, on 
wheat indicated that the slag caused a slightly larger yield of less well developed 
grain. This is thought to be due to a more abundant supply of available 
nitrogen on the plot to which the slag was applied. The slag caused a con¬ 
siderable increase in the silica content of the wheat plant, but phosphorus was 
decreased. 
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Improved methods of sulfur analyses for soils and crops have revealed the 
necessity of stud3dng the rdle which sulfur fertilisers may play in any system of 
permanent soil fertility. That sulfur is added to the soil in the rain and snow 
was recognized by early investigators, but the agricultural importance of this 
means of sulfur supply wiU depend largely upon the amount of sulfur found in 
rainwater falling in rural communities. Unfortunately most of the data re¬ 
lating to this subject have been obtained from anal3rses of rain falling in towns 
and cities. 


Perhaps the earliest work on the analyses of rain for sulfur content is reported by Smith 
and summarized by Lawes, Gilbert and Warrington (10) as follows: 


LocAxmr 

H*S04 

POUNDS PER AOEtS* 

SO» 

S 

rn^iTitTy inland... 

P,PM. 

5.52 

34.27 

5.64 

2.06 

16.50 

70.19 

34.54 

214.70 

35.31 

12.89 

103.32 

439.77 

13.82 

85.88 

14.12 

5.16 

41.33 

175.91 

England, towns... 

Scotland, country seacoast. 

Scotland, country inland... 

Scotland, towns. 

Scotland, Glascow... 



* These figures were calculated on the basis of the data furnished by Lawes, Gilbert 
and Warrington that 2.41 p.p.m. of water amounted to 18.5 pounds per acre of SO*. 


Lawes, Gilbert and Warrington (11) found that the sulfuric acid (SOs) contained in the 
rainwater at Rothamsted averaged for two years (1881-83) 2,41 parts per million of water 
amounting to 18.5 pounds per acre per annum. Hall (5) and Miller (13) made a summary 
of results from 1881-87 on the analyses of rainwater at Rothamsted and showed that the 
total amount of sulfur (SOj) added yearly per acre was 17.41 pounds. Miller also reported 
that Gray found a yearly average of 14.94 pounds of sulfur (SO3) per acre in the rainwater 
at Lincoln, New Zealand, and that Sestini found 20.89 poimds of sulfur (SOs) in the precipi¬ 
tation at Catania, Sicily. 

Crowther and Ruston (3) made a very extensive study of the rainwater falling at eleven 
different stations in the city of Leeds, England. The amounts of sulfur (SO®) per acre 
varied from 91 pounds in the suburban residential section to as much as 336 pounds in the 
industrial area. At Garforth, six miles east of Leeds, they found an average annual pre¬ 
cipitation of sulfur equivalent to 95.7 pounds SOs per acre. Later Crowther and Stewart 

1 The writer wishes to express his thanks to Dr. P. E. Brown for reading the manuscript 
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(4) furthei studies on tlie sulfur content of ruin and reported results for 1912—1913 
at Garfortli to be 60 pounds, while in the polluted area of Leeds 352 pounds of sulfur (SO*) 
per acre were obtained. 

Witu 3 mj (19) estimated the amount of sulfur in monthly samples of rainwater collected 
at eight different places in Russia from April, 1909-March, 1910. The results varied from 
5.13 to 70.88 pounds of sulfur (SO») per acre, the larger amounts being obtained in the rain 
from the cities of St, Petersburg, Ochta and Mariupol. Kossovich (9) concluded from his 
studies that data for European Russia and available data for other countries indicated that 
the sulfur content varied between 8.92 pounds in the country and 72 pounds per acre per 
a-nniiTn in, the neighborhood of towns and industrial work, where the greatest portion falls 
in the winter. 

Hart and Peterson (6) analyzed the rain falling at Madison, Wisconsin, from June, 1910, 
to October, 1910, and found the total amount of sulfur (SOj) brought to an acre in five months 
was 10.7 poirnds. They estimated a yearly fall of not less than 17 or 18 pounds. 

Numerous anal 3 rses of rain and snow have been made at Mt. Vernon, Iowa, which may 
be summarized as follows: 


INVESTIGATOR 

rEJUOD 

RAINTAIX. 

SOi 

PER ACRE 

Knox, W. K. (8) 

Apr. 28,1912-June 4,1912 

incfie^ 

7.45 

as. 

0.129 

Artis, B. (1) 

Oct. 12, 1914r-Jime 9,1915 

18.49 

4.913 

Peck, E. L. (14) 

Oct. 20,1916-June 8,1917 

17.69 

8.435 

Trieschmaim, J. E. (17) 

Oct. 1,1918-June 15,1919 

22.25 

1.509 

Shafier, S. (15) 

Aug. 18,1920-June 1,1921 

20.97 

327.0619 


These data show that there is a wide variation in sulfur content of rain and snow from year 
to year. In the case of 1920-1921 the results are extremely high, and there is reason for 
belief that some discrepancy might exist in the calculations, because a comparison of the 
other substances reported by this investigator check fairly closely with the results of the 
previous investigators. 

Maclntire, Willis and Holding (12) reported that tlie average anals^s of three years’ 
rai nfall at Knoxville, Tennessee, showed an annual precipitation of 124 pounds of sulfur 
trioxide or 49.6 pounds of sulfur per acre. 

Stewart (16, p. 107) reported as an average of seven years’ work at Urbana, Illinois, that 
45.1 pounds of sulfur was added to an acre annually and found that the amount of sulfur 
collected depended upon the amount of precipitation. Wilson (18) found Uiat tire rain¬ 
water collected at Ithaca, New York, supplied the soil with an average of 26.19 pounds of 
sulfur per acre annually. 

The investigations reviewed show conclusively that the amount of suKur 
reaching the soil through precipitation varies greatly with respect to the 
proximity of the sampling station to cities or towns. In order to study this 
means of the addition of sulfur to the soil under actual farm conditions, the 
writer placed a rain gauge on the agronomy farm of the Iowa Agricultural 
Experiment Station, which is two miles south of Ames. The results of the 
aiial 3 ^s of rain and snow for the year 1921 are reported in this paper. 

Samples of rain and snow were collected in a 4-gallon glazed-stone crock 
placed dose by a metal rain gauge of the U. S. Weather Bureau standard i 3 T)e. 
During the spring and summer months the crock was covered with two thick¬ 
nesses of fine muslin between which was a large filter paper, to exclude pariides 
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of soil and other foreign material carried by the wind. The samples were 
stored in glass bottles and sealed with paraffined glass stoppers. Each month’s 
samples were analyzed separately with the exceptions of January and February 
and November and December. 

SuKur in rainwater may occur chiefly as hydrogen sulfide, sulfur dioxide or 
sulfur tri oxide. A method for total sulfur would necessarily require some 
oxidizing mixture to convert all the sulfur to the sulfate form. In this labora¬ 
tory Benedict’s (2) method for total sulfur in urine, with a few modifications, was 
found very accurate and convenient for the analysis of rainwater. Denis’ 
sulfur reagent, as suggested by Hawk (7), was used instead of that employed by 
Benedict because it was easier to bring the solution to dryness during tie last 
stage of evaporation. The method is as follows: 

Five cubic centimeters of Denis’ reagent are added to 250 cc. of rainwater and portions 
of this solution arc placed in an 80-cc. porcelain evaporating tliah heated on an electric hot 
plate. When the 250 cc. have been evaporated to dryness the dish is placed in an electric 
furnace and heated to redness for 10 minutes after the black residue has become dry. After 
cooling, 10-20 cc. of dilute (1:4) HCl are added to the residue in the dish which is warmed 
gradually until the contents have completely dissolved. The solution is filtered into a small 
Krlcnmcycr flask and washed with cold distilled water to about 150 cc. The flask is placed 
on the electric hot plate, heated to boiling, and 10 cc. of 10 per cent BaCls solution added 
drop by drop (5 cc. per minute), and allowed to stand overnight. The precipitate is filtered 
into weighed Gooch crucibles and washed free of chlorides with cold water (ISO cc. in 15 cc. 
portions). The crucibles are dried at 110-120®C. for one hour and weighed. Controls 
should be run on the oxidizing mixture. 


TABLE 1 


Eainfall and content of sulfur for 19Z1 


MONTH 

RAINT^lL 

STJirUSL CONTENT 

so. 

s 

January and Fcbruaiy. 

incites 

1.00 

#er ms 

5.04 

lbs* per acre 

2.02 

March. 

1.28 

3.74 

1.50 

April. 


5.49 

2.20 

May. 


4.57 

1.83 

June. 

4.77 

2.67 

1.07 

July. 

1.11 

1.00 

0.40 

August... 

7.35 

5.47 

2.19 

September... 

6.76 

3.77 

1.51 

October. 

1.25 

3.67 

1.47 

November and December. 

1.12 

1.75 

0.70 

Totals. 

30.38 

37.17 

14.89 


The results secured from analyses of rain and snow for total sulfur content 
from January 1 to December 31, 1921, are given in table 1. On account of 
the small precipitation it was necessary to combine the samples for January and 
February and also November with the December rain. 
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An examination of the data in the foregoing table shows for the year 1921 
that there was a total rainfall of 30.38 inches, which is considered about normal 
for this section of Iowa. The suMur content averaged for the year 3.32 parts 
per million parts of water. The total amount of suKur brought to an acre 
of soil was 14.89 pounds, or an average monthly addition of 1.24 pounds per 
acre. With but few exceptions, the amounts of suKur are fairly constant for 
each month, and there is no evidence whatever that the sulfur content depends 
directly upon the amount of precipitation. 

It is believed that about 15 pounds of sulfur per acre per annum will represent 
a generally correct figure for rural communities. While this work reports only 
one year’s data, the investigations at Rothamsted and other places show that 
the amoxmt of sulfur added in the rainwater does not vary greatly from year to 
year. 

The one conclusion to be drawn from this work is that under actual farm 
conditions the quantity of sulfur added to the soil per annum in the rainwater 
is not sufficient to overbalance the loss by drainage and cropping. 
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The chief purpose of this paper is to give a little of the historical background 
for soil experiments, to call attention indirectly to the value of such tests as 
have been conducted in the past, and to illustrate certain important phases 
of such work by the restilts of experiments on Iowa soils. It has not been 
deemed necessary to go into the value of the work done in the past, to 
any large extent, for a mere reference to the experiments is sufGlcient in most 
cases to lead to very definite conclusions regarding their value. It may be 
said however, that if any consideration at all is given to the importance of 
making soil experiments of interest and value to farmers, the importance 
of field tests is certainly evident, and if the farm practices of today are com¬ 
pared with those of a few years ago, the value of the work which has so 
completely changed many farming operations is seen to be very great. 

HISTOKICAL 

The details of the earliest field experiments on soils lie buried in the mists of 
antiquity but a study of agricultural history leads to the conclusion that such 
experiments have probably been carried out in a rude way from time 
immemorial 

The writings of Moses indicate that agriculture is as old as man and while 
specific information regarding the practices followed is lacking, it would seem 
that Isaac and Jacob, and probably Abraham also, tilled their fields and raised 
their crops by methods which they had found by experience and comparison 
to be the best. Apparently Isaac knew how to grow com for it is said he 
reaped an himdredfold. What is more reasonable than to conclude that he 
learned by field experiments how to secure such large 3 delds? 

The first definite record of the application of manures to soils appears in 
the agricultural literature of the Greeks. Pliny ascribes the “invention” 
of manures to the Grecian king, Augeas. In Homer, an old king is found 
manuring his field with his own hands. These legends may very wdl be 
interpreted to mean that the value of manure was discovered through field 
experiments. Theophrastus, a disciple of Aristotle and often called the 
father of botany, wrote on the history of plants and his work contains many 
interesting observations on soils and manures. He enumerated six different 
kinds of manures and stated that a mixture of soils (sand with day and vice 
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versa) produced the same effects as manxires. Would it not be quite logical 
to conclude that he had tested the accuracy of this statement in field ex¬ 
periments? Perhaps he and neither Abraham nor the Grecian king was the 
first soil experimentalist. 

Much of the knowledge of this early period of the world^s history is based upon conjecture 
and the speculations indulged in here are at least supported by as much of fact and definite 
evidence as the conclusions reached by historians along many other lines. SufiSdent has 
been said to indicate that very early in the history of the world field experiments were prob¬ 
ably an integral or at any rate a casual part in the operations of the leading agriculturists. 

With the advent of the group of learned Romans who were interested in agriculture and 
whose writings form the foundation of all agricultural literature, conjectures are replaced 
by rather definite information, mere opinions by facts. The rise of the Roman Empire 
wrought fundamental and far-reaching changes throughout a large part of the world and 
in all phases of human activity. Agriculture along with the other arts and sciences was 
affected to only a slightly less extent than were governments, society and general living 
conditions. Indeed from the writings of Cato, Varro, Columella, Virgil, Pliny and Palladius 
it would appear that agriculture passed from the stage of an occupation to an art and perhaps 
even became a ^‘fad” to some extent. De Re Rustica, the oldest Roman work on agriculture 
tells of the use of manure, of the plowing under of lupines as green manures, of the application 
of burned lime, and of the utilization of marl in Britain and Gaul with beneficial effects on 
the growth of crops. This information and much else of interest and value to farmers could 
have been secured only through the carrying out of field tests. There can be no question 
but that many tests were conducted on Roman farms to the lasting benefit of the art of 
agriculture. 

The literature of this period and that of mediaeval times is not only filled with practical 
suggestions but it also contains many ingenious speculations, some of which have been found, 
by later work, to be sound and others of which have been shown to be fallacious. But it is 
not intended to consider here the various theories of soil fertility which have been suggested 
nor the development of our knowledge of the nutrition of plants. These have come as a 
result of the activities of the agricultural chemists whose investigations followed close upon 
the speculations of the Roman and mediaeval eras. Under their leadership agriculture 
entered upon a new and intensive period of development. Then there began the real experi¬ 
mental work, the results of which have formed the basis for the extensive investigations of 
recent years. 

The years of activity on the part of the agricultural chemists have been divided into 
two main periods by Russel, characterized as The Search for the Principle of Vegetation, 
1630-1750, and The Search for Plant Nutrients, 1750-1860. The latter period is subdivided 
into the Phlogistic Period, 1750-1800, and the Modem Period, 1800-1860. Passing over 
the earlier years, which were characterized by the brilliant investigations of such well-known 
scientists as Glauber, Jethro Tull, Francis Home, Priestley, Ingen-Housz, de Saussure, Davy 
and numerous others, all of whom carried on their studies in the laboratory or in small pots, 
it appears that, in 1834, Boussingault began a series of field experiments on his farm at 
Bechd-bronn in Alsace—the first really scientific field tests. These experiments of Bous¬ 
singault were so comprehensive and yielded results which were so striking that they have 
become almost classic. If the idea of field tests in ancient times cannot be accepted, at least 
it is certainly unnecessary to look further than Boussingault’s work for evidence in support 
of the theory of their value. Perhaps the earlier studies in Palestine, in Egypt, in Greece 
and in Rome should not be dignified by the title of experiments but no one can question 
the experimental nature of Boussingault’s investigations. An interesting digression might 
be made here to consider just what constitutes an experiment, a trial, and a demonstration, 
but the question is not essential to the subject in hand. 
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Only a few years elapsed until tlie idea of field e:q)erimentation led to the establishment 
of the world-famous Rothamated Experiment Station, A few experiments were begun in 
1837, on the farm of Sir John Bennett Lawes, more were added in 1840 a nd in 1843, the 
experimental work was officially begun under the direction of Lawes and his associate, 
Sir James Henry Gilbert. The plan of these field studies was based upon the earlier labo¬ 
ratory and pot culture work of many investigators but was influenced to the largest extent 
by the work of de Saussure and by the theories of Liebig, just enunciated. Hence the work 
centered around the mineral constituents of plants and particularly nitrogen nutrition. 

The scope of the experiments at Rothamsted is so well known that need be said 

about it here except to emphasize the fact that so many problems of practical as well as 
technical value have been studied there that practically all of the soil investigations which 
have been carried on in recent years have been based upon or at least suggested by the 
Rothamsted work. These investigations have been carried on continuously from 1843 to 
the present time and their value becomes greater with each succeeding year. The idea of 
the value of long-time field experiments on soils which quite generally prevails at the present 
time, needs no further support than that given by the Rothamsted fields. 

Nine years passed before the first German experimental field was established at Mockem 
(Leipzig) and many more years elapsed before the fields in this country were laid out; but 
the ideal for all field tests in each case has been to imitate the Rothamsted experiments with 
such modifications as are necessary to fit the local conditions. 

THE PRESENT SITUATION 

The idea of the value of the Rothamsted work has become so firmly im¬ 
planted and as a consequence soil investigators have become so accustomed 
to accepting long-time field studies as the most desirable and conclusive of 
all experimental work, that it is somewhat of a diock to read in a recent 
publication (1) that ‘'it is highly probable that no fertilizer experiment as or¬ 
dinarily conducted is possessed of sufficient practical value to justify the large 
expenditure of money, time and energy involved.’^ The statement is made 
as a result of studies of the Pennsylvania and Ohio field experimental data 
and from a consideration of the “enormous variability of all soils and plants.” 
The question immediately arises whether or not the statement is warranted. 
It demands careful attention from all who are interested in field experiments. 
Is the money which the national and state governments put into sudi work 
being wasted? Have the teachings of the past decade been all wrong? Are 
the farmers, the legislators and the scientists all being deceived? 

It is not intended here to defend the Ohio and Pennsylvania experiments, 
not to call attention to the various questions which have been answered by 
them and by many other field investigations particularly those at Rothamsted. 
Neither is it intended to defend the interpretation of any of the data from these 
tests. After all, it is the interpretation of the data which is reahy attacked 
for the value of the field experiments lies mainly in the conclusions which are 
drawn from the results secured. When the first shock from the very start- 
ling statement given above has passed, the reaction which it brings about 
will imdoubtedly be of distinct value from the standpoint of improving soil 
experiments. In other words, extreme views and statements frequently 
accomplish much good even if they are found to be too radical, for they stimu- 
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late study, thought and investigation, and in this case the sweeping condemna¬ 
tion of all field experiments will certainly cause more care to be taken in 
planning and carrying them out and in interpreting the data. 

The field experiments of the past need no drfense, they need study and the 
conclusions drawn from them should be utilized in present day work. With¬ 
out question there have been weaknesses in the plan of experiments, faults 
which could not be foreseen, difficulties which could not be overcome, and 
conclusions have been drawn which were not entirely warranted. But assume 
all this to be true and the method of fidd experimentation still remains funda¬ 
mentally sound. If it needs improvements, those improvements will come 
as a result of study. The Agronomy Society has a spedal committee collect¬ 
ing and tabulating aU available information regarding fidd experiments and 
eventually the Sodety will adopt certain definite standards for such work. 
This will be a long step in advance and will make field experiments more 
valuable. The development of the soil survey work has yidded information 
regarding soil types which is bringing about desirable changes in the mat¬ 
ter of locating experiment fidds. Probably no other factor has been so 
completely overlooked, in the locating of fidds as the sdection of an area 
where the soil is of a definite type. In most cases expediency or near¬ 
ness to the Experiment Station or a similar reason has controlled the 
sdection of a field but the tendency now is to consider the soil type first and 
other considerations follow logically. Much more might be said along this 
line and other ways in which fidd experiments could be improved might be 
suggested but such a discussion is left for a later date when the recommenda¬ 
tions of the Agronomy Sodety committee come up for final action. 

It has been assumed that practically aU will agree that the arraignment of 
field experiments is unwarranted and that there is no immediate likdihood of 
their discontinuance. Hence no defense of the prindple of fidd experiments 
seems needed, other than the few comments which have been offered. The 
question of making such tests of the largest possible value is one however, 
which continually presses for attention. 

IOWA EXPERBflENTS 

A thorough study of the whole subject of soil experiment fields and their 
value was made when the Iowa Experiment Station began the rather extensive 
tests now under way. An attempt was made to profit by the experiences 
of the past, to modify plans to fit local conditions, and to get away as far 
as possible, from the objectionable features of the older fidds. Just how 
the experimental data will be interpreted, what the outcome of the work in 
general will be, cannot now be predicted. Some results secured at the present 
time however, may be dted to indicate the effects of certain fertilizers on 
individual soil types under general fanning conditions, and a comparison of 
the results from various fidds will show the effects of the soil type on the re¬ 
sults, the seasonal effects are shown in the results in different years and the 
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general value of these field experiments to Iowa fanners may be apparent 
from the nature of the results. 

The general ]fian which has been followed in the Iowa soil experimenial 
fields has been to locate a series of plots in various parts of the state on indi¬ 
vidual soil types. These fields have been laid out following the suive}’ of a 
county and the location has been ver\^ carefully selected, every precaution 

TABLE 1 


The effect iff applications of manure on crop yields on individual soil types in loua 


EXJ^rRINTENT 

FIELD 

COUNTY 

SOIL TYPE 

CROP 

YL.\.R 

YIELD 

ON 

CHECK 

PLOT 

1 YIELD 
ON 

myvlre 

PLOT 

Wavcrl}'’ No. 2 

Bremer 

Carrington loam 

Corn 

191S 

hii.orlons 

38.5 

bu. or tons 

54.0 

Waverly No. 2 

Bremer 

Carrington loam 

j Oats 

1919 

39.8 

49.3 

Clarinda 

Page 

]Marshall silt loam 

Corn 

1920 

54 3 

64 4 

Agency 

Wapello 

Grundy silt loam 

Oats 

1919 

44 9 

62.2 

Agency 

\\apcllo 

Grundy silt loam 

Wheat 

1920 

22.7 

31.5 

F.verly 

Clay 

O’Neill loam 

Clover 

1921 

1 SO 

2.35 

Eldridgc 

Scott 

Muscatine silt loam 

Corn 

1918 

66 6 

74.4 

Eldridge 

Scott 

!Muscatine silt loam 

Oats 

1919 

43 2 

50 7 

Eldridgc 

Scott 

^luscatine silt loam 

Corn 

1021 

62 1 

72 1 

Eldora 

Hardin 

Carrington loam 

Corn 

1010 

33 9 

52.5 

Eldora 

Hardin 

Carrington loam 

Oats 

1920 

42 8 

49 6 

Jesup 

Blackhawk 

Carrington loam 

Clover 

1919 

1 17 

2 OS 

Jesup 

Blackhawk 

Carrington loam 

Corn 

1921 

58 7 

72.8 

New London 

Hcniy'’ 

Grundy silt loam 

Clover 

1916 

2 10 

2.90 

New London 

Henry 

Grundy silt loam 

Corn 

1917 

49.4 

61.7 

New London 

Henry 

Grundy silt loam 

Oats 

1920 

32 0 

49.8 

Spencer No. 1 

Clay 

Carrington loam 

Com 

1918 

30.4 

46.9 

Spencer No. 1 

Clay 

Carrington loam 

Oats 

1919 

39.9 j 

51.0 

SiDcncer No. 1 

Clay 

Carrington loam 

Cora 

1920 

37.6 

46.9 

Storm Lake 

Buena Vista 

Webster silty clay loam 

Cora 

1920 

48.2 

57.3 

Truesdale 

Buena \"ista 

Carrington loam 

Corn 

1920 

47.5 

57 0 

Truesdale 

Buena \'ista 

Carrington loam 

Cora 

1921 

32 8 

39 7 

Line (rrass 

Scott 

Vluscatine silt loam 

Clover 

1920 

1.57 

1.92 

Calamus j 

Clinton 

Carrington silt loam 

Clover 1 

1918 

1 45 

3 04 

Calamus 

Clinton 

Carrington silt loam 

Cora 

1920 

57.5 

65.2 

Hudson 

Blackhawk 

Muscatine silt loam 

Oats 

1919 

47.6 

54.7 

Hudson 

Blackhawk 

Muscatine silt loam 

Corn 

1920 

53 2 

62.8 

Osage 

JMitchell 

Carrington silt loam 

Oats 

1020 

34 6 

60.3 

Sherfey 

Muscatine 

Clinton silt loam 

Corn 

1919 

53 5 

74.8 


being taken that the soil be true to type, that it be true to tjpical topography 
of the type, that its past history' be such that there be no interference from 
such factors as fence rows, manure piles, straw stacks, etc. Not only are the 
soil conditions very carefully selected but the cooperator is also carefully 
chosen. The aim is to secure an owner preferably and a man who is interested, 
willing to cooperate, and permanently located as far as can be determined. 
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The fields are located where a definite rotation is being practiced, whatever 
that rotation may be. The cooperator may be a livestock farmer or a grain 
farmer. In most instances the series of plots is so arranged that the tests 
include both types of farming and the results which arc secured may yield 
valuable practical information regarding the relative merits of tbe two types 
of farming. 

TABLE 2 

The effect of lime on crop yields on individual soil types in Iowa 


EXPERlMrNT I’lELD 

COUNTY 

SOIL TYPE 

! 

CROP 

YEAR 

Yintv on 

MANURE 

PLOT 

YlhUt ON 
MANURE 
LIMC PLOT 

Clarinda 

Page 

Marshall silt loam 

Oats 

1916 

hu. or tons 

54.4 

hu. or ions 

63.3 

Clarinda 

Page 

^Marshall silt loam 

Clover 

1917 

1.36 

1.56 

Clarinda 

Page 

1 ^Marshall silt loam 

Corn 

1919 

58.7 

62.6 

Clarinda 

Page 

Marshall silt loam 

Oats 

1920 

52.3 

61.8 

Spencer No. 1 

Clay 

Carrington loam 

Com 

3918 

46.9 

52.0 

Spencer No. 1 

Clay 

Carrington loam 

Oats 

1919 

51.0 

59.7 

Spencer No. 1 

Clay 

Carrington loam 

Com 

1920 

46.9 

55.7 

Alburnctt 

Linn 

Clyde silt loam 

Com 

1920 

41.0 

51.8 

Alburnett 

Tdnn 

Clyde silt loam 

Oats 

1921 

36.6 

43.3 

Blue Grass 

Scott 

hluscatine silt loam 

Clover 

1920 

1.92 

2.37 

Blue Grass 

Scott 

Muscatine silt loam 

Com 

i 1921 

57.8 

66.1 

Waverly 

Bremer 

Carrington loam 

Oats 

1919 

49.3 

61.9 

Waverly 

Bremer 

Carrington loam 

Clover 

1920 

0.67 

1.36 

Mt. Pleasant 1 

Henry 

Grundy silt loam 

Corn 

1920 

57.0 

76.6 

]\It. Pleasant 2 

Henry 

Grundy silt loam 

Clover 

1918 

3.82 

5.30 

]\It. Pleasant 2 

Henry 

Grundy silt loam 

Corn 

1919 

66.3 

74.1 

Mt. Pleasant 2 

Henry 

Grundy silt loam 

Corn 

1920 

74.9 

82.2 

Sa\vycr 

Lee 

Grundy silt loam 

Clover 

1919 

1.75 

2.10 

Sawyer 

Lee 

Grundy silt loam 

I'imothy 

1920 

3.48 

4.17 

West Point 1 

Lee 

Grundy silt loam , 

Oats 

1919 

41.5 

43.5 

^Vest Point 1 

Lee 

Grundy .silt loam 

('lover j 

3920 

1.87 

2.89 

Parson 

Wapello 

Grundy silt loam 

('lover 

1920 

1.19 

1.43 

W^'est Point 2 

Lee 

(inindy silt loam 

(’lover 

1919 

1.59 

1.87 

Eld ridge 

Scott 

Muscatine sill loam 

C'orn 

1918 

74.4 

81.8 

Eldridgc 

Scott 

Muscatine silt loam 

Oats 

1919 

50.7 

()‘l 3 

Low Aloor 

Clinton 

C'arrington silt loam 

Timothy 

1920 

2.13 

2.77 


All the usual precautions arc taken in locating the fields with regard to 
drainage, previous treatment of the soil, character of the crops grown and 
general method of farming practiced. 

From preliminary studies it was determined that the soil problems of the 
greatest value in Iowa include the use of farm manure, the application ot lime, 
the addition of phosphorus, either in the rock phosphate or acid phosphate 
form, the use of complete commercial fertilizers, and the turning under ot 
crop residues. Hence the experimental fields have been planned to consist 
of 13 plots, part of which represent the livestock system of farming and test 
the use of manure with lime, phosphorus carriers and a complete fertilizer. 
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TABLE 3 


The cjjeci phosphorus on crop yields on individual soil types in lou^a 


rXPl'RIMI NT 
MKLl) 

COUNTY 

SOILTYPK 

CROP 

j.... 

YI'AR 

1 

§ 

i 

§ 

i 

ii 

Is 

H ^ 

YIELD ON M4NUPE LIME ACID 
PHOSPHATE PLOT 

1 

is 

la 

§1 

p 

Clarinda 1 

Page 

1 

[Marshall silt loam 

Oats 

1917 

bu. or 
toyus 

88.0 

bu. or 
tom 

91.0 

bu. or 
tons 

103.6 

bu. or 
tons 

98.0 

Clarinda 1 

Page 

^larshall silt loam 

Clover 

1918 

1.20 

1.75 

1.50 

1.70 

Clarinda 1 

rage 

Marshall silt loam 

Com 

1919 

57.3 

60.9 

64.5 

61.5 

Ncwoll 

Huena Vista 

Webster silty clay 

Com 

1919 

54.4 

61.4 

65.1 

70.9 

Nowdl 

Puena Vista 

loam 

Webster silty clay 

Oats 

1920 

63.5 

69.7 

76.3 

68.9 

Orange City 

Sioux 

loam 

Marshall silt loam 

Com 

1919 

80.8 

86.1 

90.6 

88.5 

Orange City 

Sioux 

Marshall silt loam 

Corn 

1920 

54.9 

58.2 

58.2 

56.0 

Storm Lake 

Buena Vista 

Webster silty clay 

Corn 

1920 

58.1 

64.2 

76,5 

80.0 

Alburnctt 

Linn 

loam 

Clyde silt loam 

Corn 

1920' 

51.8 

61.5 

63.0 

83.3 

Hluc (iHiss 2 

Scott 

Muscatine silt loam 

Clover 

1919 

2.94 

3.06 

3.06 

3.16 

Calamus 

Clinton 

Carrington silt 

Clover 

1918 

3.38 

4.39 

5,18 

4.35 

Calamus 

Clinton 

loam 

Carrington silt 

Clover 

1919 

0.74 

1.22 

2.11 

1.66 

Del mar 

Clinton 

loam 

Muscatine silt loam 

Barley 

1920 

24.9 

32.7 

32.7 

40.3 

ICldora 

Tfardiu 

Carrington loam 

Clover 

1918 

1.27 

2.87 

2.56 

1.88 

Kklora 

Hardin 

("arrington loam 

Corn 

1919 

51.8 

53.6. 

57.2 

51.7 

riudson 

Blackhawk 

^fuscaline silt loam 

Corn 

1920 

67.4 

73.3 

73.3 

72.4 

Jesu|) 

Blackhawk 

Carrington loam 

C\)rn 

1918 

40.4 

52.7 

50.3 

59.2 

Jesu)) 

Blackhawk 

Carrington loam 

Oats 

1919 

40.5 

43.5 

52.4 

58.9 

Jesu]> 

Blackhawk 

('‘urrington loam 

Clover 

1920 

1.10 

1.57 

2.20 

2.00 

jesuj) 2 

Blackhawk 

Carrington loam 

(■'lover 

1919 

1.86 

1.92 

2.22 

2.80 

Letts 

Musf'atine 

M uscatine sill loam 

C'orn 

1918 

77.2 

82.9 

83.7 

84.8 

Letts 

Muscatine 

Muscatine sill loam 

Oats 

1919 

58 6 

62.6 

62.6 

67.4 

Letts 

Muscatine 

Muscatine silt loam 

Wheat 

1920 

23.9 

28.5 

27.5 

31.2 

Mount Joy 

Scott 

Mus<.'atine silt loam 

Alfalfa 

1919 

2.52 

3.20 

2.90 

3.12 

Waverly 

Bremer 

C'arrington loam 

Clover 

1919 

2 02 

2.10 

3.10 

2.84 

Wavcrly 

Bremer 

Carrington loam 

Corn 

1920 

87.8 

94.0 

101.5 

94.2 

Ml, Pleasant 

Henry 

(Irundy silt loam 

Clover 

1919 

3.99 

4.98 


6.47 

6.93 

Mt. Pleiusant 

Henry 

(Inindy silt loam 

Corn 

1920 

82.2 

88.6 

101.4 

88,4 

Rome 

Henry 

Clinton silt loam 

I'imothy 

1920 

0.95 

1.63 


2.85 

1.63 


The Other portion of the series tests the use of crop residues instead of manure 
with the ssime fertilizers applied, this latter portion representing the grain 
system of farming. 
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There are some variations being made in new fields which have been 
established and in several of these additions of potassium arc being made. 
With a few exceptions the field experiments of the state have been under 
way for a period of only five years and thus far yields have been secured 
for four seasons. Experience with field experiments teaches that data must 
be secured over a period of years before it should be interpreted, in order to 
take care of factors which unavoidably interfere with the results in indr 
vidual years. Hence it is, of course, too early to draw definite conclusions 
from most of the Iowa fields. The data, however, is proving of con¬ 
siderable interest and value at the present time and it is possible, in fact, 
to draw from the results already secured certain conclusions of practical 
value to farmers. Some of the data secured during the past few years is 
included here in order to illustrate the results which are being secured from 
the use of the various fertilizing materials on individual soil types. These 
figures have been compiled lo show separately the effects of manure, of lime, 
and of phosphorus fertilizers and arc given in tables 1, 2 and 3. It is not 
intended to consider these tables in detail but merely to call attention to the 
practical conclusions to which they may lead, and to emphasize the significance 
of the results of such tests as planned and carried out in Iowa from the stand¬ 
point of increased crop production and permanent soil fertility. 

It is always, desirable, of course to calculate all results on an economic basis 
and this method will be followed in future interpretation of the Iowa data. 
At present, however, it is felt that the data is not sufficiently complete to war¬ 
rant such economic interpretation. In a few instances where calculations 
have been made, it has been shown that certain fertilizing materials increase 
the yield of certain crops on many individual soil types to a profitable extent. 
There is no reason to doubt but that the results secured in these experiments 
during the next few years will prove of large value to Iowa farmers and to the 
agriculture of the state. 

In conclusion it should be emphasized that too much care cannot be take 
in planning and laying out field experiments. Some must unavoidably be 
relinquished—occasionally accidents will happen in making applications or 
securing results, but the data secured from such field tests over a period of 
years provides the only definite practical economic solution of the soil fertility 
problem of the individual farmer. 

REFERENCJfi 
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Duty of water is perhaps the broadest problem with which the irrigationists 
have to deal. Duty-of-water data is of value to water boards and courts in 
determining water rights, to engineers in fixing capacities of canals and reser¬ 
voirs, and to agriculturists in the control of soil moisture. 

The amount of water needed for each of the chief soil classes and for each 
important group of cro])s varies according to their water requirement, average 
yields, and relative acreage on each i)roject. Meadows constitute 52 per cent 
of the irrigated land on all government projects according to the crop census 
of the United States Reclamation Service. Meadow crops require about 
twice as much water as do annual crops, hence they deserve about 75 per 
cent of the consideration in fixing an average duty of water for a given area. 

The amount of water provided affects the estimates and final cost, de¬ 
termines the area it is possible to irrigate, and has its effect upon the security 
of investment in irrigation and the ultimate agricultural and financial suc¬ 
cess of a ])roject. To secure economical use of water on an irrigation project 
and avoid alkali and drainage problems there must be a good distribution 
system and each farmer must use water intelligently. 

Too lillle water results in crop shortage, while excessive irrigation may 
lessen the croj) and injure the soil in places to the point of unprofitable produc¬ 
tion. It is Ijet ter economy to ])rovide only a moderate allowance of water with 
reasonably priced structures than to provide a liberal supply at a greater 
expense and invite drainage assessments later on. The aim should be to get 
the highest practical)le eiliciency out of every acre-inch of rainfall and every 
supplementary inch of irrigation water provided. The cost of water that 
will give the greatest net i)rofit an acre will generally represent the limit of 
l^reventable loss under i)rescnt economic conditions. 

A score of different factors affect the duty of water. Those affecting storage, 
conveyance and distribution losses and soil and crop requirements have been 
discussed in a previous j>aper (2), It is the purpose of this paper to present 
some additional data bearing on a few of the chief ways of increasing duty of 
water. 
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USABLE WATER CAPACITY OE SOILS 

The field capacity of soils for storing usable soil-moisture aiCects the amount 
and frequency of irrigation and total quantity required pei season very much. 
In duty-of-water studies it has often been found that faimers will apply six 
or eight inches of inigation to a soil which lias capacity to retain not over 
four inches. The surplus icmoves valuable plant foods, may cause drainage 
problems on adjacent low lands and involves needless expense. 

Field water-capacity tests have been made in Oregon in connection with 
irrigation investigations for the leading soil types in the chief irrigated sec- 



Coaise 

Sand 

Medium 

Sand 

Fine 

Sand 

Sandy 

Loam 

Fine 

Sandy 

Loam 

Silt 

Loam 

Silty 

Clay 

Loam 

3 iu. 

i in. 

1 in. 

U in 

1! in. 

IJ in. 

2 in. 

per 

per 

per 

per 

per 

pci 

per 

foot 

foot 

foot 

foot 

foot 

foot 

foot 


Fio. 1. Usable WArT.R Capachy or Soil Ciassi s 


tions of the State. Duplicate tests arc made using sheet metal cylinders 1 
foot long and 6 inches in diameter. These are forced into the moist soil 
their entire length and are then dug out, struck off flush at the Ijottom and 
covered with a perforated base. These cores are then saturated, drained to 
constant weight in the covered jars, and their water retaining capacity de¬ 
termined by oven drying samples of the core. Other moisture points such as 
drought point and excess points are determined by methods described else¬ 
where (1). From these studies a generalized chart, figure 1, has been prepared 
as a guide to irrigators showing the usable water capacity of soil classes. 

Modem irrigation contemplates that water be measured and applied in 
known quantities according to capacity of the soil and extent of the root 
system of the crop. Then to irrigate an acre of potatoes in which the feeding 
roots are largely within the first three feet of soil, on a fine sandy loam soil, 
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having usable water-capacity of one acre-inch to the foot, three acre-inches 
will be required, provided the soil is dried out to the drought point* Since a 
cubic foot j)er second will make an acre inch in an hour it will require three 
hours with such a flow to irrigate the patch. The writer has shown elsewhere 
(3) that the willing point has an important bearing on the best time to irri¬ 
gate to obtain highest yield and duty of water. 

VALUE OP ROTATION AND MANURE 

Rotation of crops costs little and is very profitable on all soils. It permits 
increasing the humus and nitrogen supply by the turning under of legume sod 
and manure and crop residues thus increasing the water capacity, tilth and 
fertility. A 3-year rotation at the Oregon Experiment Station has, in 9 
years, averaged a yearly net profit under irrigation of $14.09, while rotation 
and manure under irrigated conditions has increased the net profit an acre 

tablp: 1 

Value of rolatwH—nine year a'oerage 


I'Mr.NfT 


Ueans: 

Continuous unlrrigalcd. 

Rotated unirrigated. 

Rotated and n red unirrigated 

Irrigated continuous. 

Irrigated and rotated. 

ind manured., 


from beans by $23.02. The detailed data arc presented in table 1. The 
rotation used was Rrain, clover, and beans. The yield and net profit per 
acre-inch are about doubled by the rotation and manure. The water require¬ 
ment [)er pound of dry matter is reduced by these treatments nearly one- 
half. 'I'his water retiuiremenl is determined by .sampling the soil at time of 
emergence of the plants and again at harvest, determining the soil moisture 
of each sample, and adding to the difference in pounds per acre the pounds 
of rain and irrigation water. The dry matter in the crop at harvest time was 
also determined so that, water-duty might be exactly measured as the ratio of 
water consumed to dry crop produced. 

CROP PRODUCING POWER OP WATER 

The water re(iulrement has been determined for about sbety croji-plots each 
year for the past dozen years in connection with duty-of-water trials at the 


AVllRAOB 

VEAULY 

YIELD 

AVhRAOn 

NUT TROPIT 

WATER 

RT.QU1RE- 

MENT 

PER 

POUND 

DRY 

MATTER 

IVr 

acre 

Grain 

from 

rotation 

or 

manure 

Per 

acre 

inch 

I*or 

acre 

Per 

acre 

inch 

bu. 

hu. 




lbs. 

• 

9.24 


IH1.S.S 



2909 

10.13 


20.37 

$8.82 


2249 

12.91 


21.26 

9.71 


1900 

9.85 

3.82 

15.37 


$5.12 

2622 

15.74 

6.10 

29.46 

14.09 

9.82 

1794 

18.29 

7.14 

38.39 

2.S.02 

12.80 

1425 
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Oregon Station (2). By hand picking each year the plat of each crop which 
gave the maximum net profit an acre and calculating the average water le- 
quirement of the best paying plat by years the twelve year average water 
rcquiiemcnt for the most profitable iirigation with good modem methods of 
(arming has been ol)lained. This figure is given in average inches for different 
crops in figure 2. 

It has taken 5.23 acrc-inchcs to make a ton of dry alEalfa under good con¬ 
ditions as a twelve year average. This lepiescnts the net duty of water for 
this crop. That is, the duty of water is not likely to be less than fifteen to 



Fig. 2. Waier RcQuisEMENr or Crops on PLors Ri iurning Maximum Nli pRoru Each 
Year, Based on a 12-Ylar Average 


eighteen inches in a tbree-ton country or thirty to thirty-six inches in a sec¬ 
tion cai)able of producing 6 tons an acre a year. 

Potatoes, similarly, are not likely to be produced with less than three acre- 
inches per hundred bushels. 

RELATION OF FERIILITY 10 WAFER REQUIREMENT 

As indicated in the last column of table 1 the fertility of the soil affects the 
amount of water required per pound or per ton of dry crop produced. This 
was recognized and reported by the writer as early as 1912 and has been noted 
by others (1). Desiring more exact data on the matter a tank experiment was 
arranged to determine the water requirement of oats giown on two soils with 
different fertilizer treatments. One soil of strong fertility gave moderate 
variations in water cost with the different treatments, the other a soil of 
medium fertility, gave a striking difference in yield and water requirement 
(table 2). Other data published and unpublished from the Oregon Station 
substantiates the importance of fertility as affecting water requirement and 
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duty of water. The richer and better balanced nutrient solution gives a lower 
water requirement 

The irrigation requirement and water requirement will vary somewhat with 
the season and anythmg which affects the evaporation^ percolation or tran¬ 
spiration of soil moisture. Anything that contributes to good irrigation- 
fanning such as planting, irrigating or cultivating at the ri^t time, tends 
toward economical use of irrigation water. Proper economical irrigation is 

TABLE 2 

Relation offerHUiy to water requirement 
Oats on Deschutes medium sandy loam soil 


FertUicer 


Untreated. 

Sulfur. 

Potassium chloride... 
Tzi-cakium phosphate. 

Sodium nitrate. 

Sulfur. 

^Sodium nitrate. 

Sulfur... 

^Potassium chloride... 

"Sulfur. 

^Tri-caldum phosphate 

^Sodium nitrate. 

Potassium chloride... 

phosphate 

Untreated... 

Manure..». *..«•.»•. 


Axaount 
per acre 

Ihs 

0 

100 

160 

100 

100 

100 

100 

100 

160 

100 

100 

100 

160 

100 

0 

10 tons 


Yield 

WAXSR 

KBQfQKBaCEMT 

PXK 

VOVUCDOr 

BSLY 

UATISB 

gm. 

ibs» 

16.2 

2125 

57.9 

594 

37 5 

1020 

35.9 

1034 

44.8 

842 

42.3 

867 


40.7 

946 

20.2 

1202 


58.5 

6C0 

15.0 

2219 

76.3 

390 


A«c«Bseucy to pemaaeat irrigation agricultuxo. It is fandamontally importaiit 
in irrigation fanning to practice a careful rotation of crops tbat 'trill permit 
plowing in legutne sod and crop residues every few years to Ics^ % •mia: 
cspacily and fertility and lo'wer the -mtec requirement H wt caft savn 50 
per cent of tbe ws4;er need in many places we can practical dottUetimto)p 
produciag power of sudr areas. Furthering the economic^ nse of #a%iit itSlt 
tSbemCore^ hdp to estsHiah highest productive values sa;kd tAi petmaoeat^' 
to the food oulput and wealth ptoduong area. 


ioilob Wfliw actr. $ 
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The problem of economic duty of water is admittedly complex, but all the 
agricultural wealth developed and undeveloped in the arid West will be favor¬ 
ably affected by its proper determination. The cost of investigations would be 
returned many fold by security gained from water litigation. 
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INTROBtrCTION 

It is a very general observation that when a rather light frost occurs during 
the growing season, frost-susceptible plants growing on muck and peat lands 
are almost invariably injured, while the same plants growing on mineral soils, 
adjacent to and on the same level as the muck and peat lands, are generally 
not touched. Our observations and investigations for a period of years with 
com and certain truck crops have confirmed this general bdief. Very often 
the boundary line between the organic and mineral soils is distinctly shown 
by the line of frozen plants. It has even been observed that where Ae muck 
or peat has been burned the plants grown on it escaped a frost while those on 
the unbumed peat and muck were killed. 

Up to the present time there appears to be no definite and satisfactory 
explanation for the phenomenon; various notions and hypotheses exist, but 
there seems to be no experimentally proved explanation. A true and definite 
explanation of the phenomenon is of the greatest practical importance, since 
the large areas of muck and peat lands in the United States constitute so im¬ 
portant a portion of the crop-producing land of the country. 

The Soils Department of the Michigan Agricultural Experiment Station 
inaugurated in 1911 a study of the soil temperature. Results of these in¬ 
vestigations have already been reported (1, 2). In 1918 a study of the causes 
of frost occurrence in muck and peat lands was also commenced, and it is the 
purpose of this paper to j^resent a preliminary and very brief report of a 
portion of the results obtained from this investigation thus far. At a later 
date it is hoped to present a detailed and complete report. 

There are four principal factors which may be responsible for the difference 
in frost occurrence between organic and mineral soils. These are difference 
in color, difference in temperature of the air at various elevations, difference 
in specific heat by volume of soil, and difference in heat conductivity. 

It is an accepted fact in physics that color has a very marked effect upon 
radiation as well as upon the absorption of heat. It is claimed that radiation 
and absorption are closely related, that the best absorbers are also the best 
radiators, and the poorest absorbers the poorest radiators. A black substance, 
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for instance, is able to absorb practically all the heat rays on account of its 
low reflection, low diJffusive power and high absorptive power, is a good heat 
absorber and also a good heat radiator. The opposite is true of a white sub¬ 
stance. A white substance on account of its high reflective, high diffusive 
power and low absorbing power, is a poor absorber and a poor radiator. 

Some soil physicists have concluded, therefore, that the black soils attain a 
very high temperature during the sun insolation, but that their temperature 
during the night is about the same if not lower than that of the light-colored 
soils on account of greater radiation. 

It has been shown (1), however, that color has no effect upon radiation in 
darkness. From a theoretical consideration it seems that it should not, 
because all colors emit in dark rays of low refrangibility which are the same, 
while all the rays they absorb from the sun are of high refrangibility and are 
different. 

Color, therefore, is probably not the factor responsible for the difference of 
frost occurrence between organic and mineral soils. 

Difference in air temperature due to elevation and air drainage cannot be 
considered as an operating factor since the plants observed in these studies 
were growing on mineral soils adjacent to and on exactly the same elevation 
as the muck and peat soils. 

The third factor has to do with the specific heat of soils by volume. Under 
natural and field conditions we find that muck and peat, on account of their 
large water content, possess a much greater specific heat by volume than do 
the mineral soils. This would, however, favor the organic rather than the 
mineral soils in the prevention of frost. Specific heat by volume is, therefore, 
probably not the responsible factor. 

The fourth factor is the difference in heat conductivity between the organic 
and mineral soils. It is a well-established fact, of course, that xmder field 
conditions peat and muck conduct heat at considerably lower rates than the 
mineral soils. The results presented in this paper indicate that this factor 
is probably responsible, at least under normal conditions, for the difference in 
frost occurrence on the organic and mineral soils. 

PLAN OP INVESTIGATION 

In order to study the influence of the factors just discussed, an investigation 
was arranged and prepared as follows: 

On a low and level bottom land consisting wholly of muck and peat several feet deep, 
a pit about 8 feet square and 6 feet deep was dug- On a neighboring hill, only about 200 feet 
distant but about ^ feet higher in elevation, a similar pit was dug. The soil of this hill 
consisted of clay loam. The pit on the muck land was filled with the silty day from the hill 
and the pit on the hill was filled in turn with the muck soil from the muck land. In both 
cases the soils were thoroughly and carefully compacted and considerable time was aUowed 
for them to settle before the e]q>eriment was commenced. Close to the pit containing the 
mineral soil a small tract of muck land was divided into three strips and treated differently. 
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The soil in one strip was maintained compact, in the second cultivated and in the third com¬ 
pact and covered with a thin layer of sand. Likewise, close to the muck pit on the hill, 
a stiip of the native soil was kept compact and free of vegetation. 

The temperature of the soils was measured directly at the surface, about 1 inch above the 
surface and at 6 inches below the surface. Air temperatures were taken at about 1 inch and 
at 6 feet above the soil surface. 

Standard minimum thermometers were employed for the measurement of the temperature 
of the air and of the surface soil, while special mercury thermometers were used for the 
temperature of the soil at lower depths. 

It is well recognized, of course, that it is not easy to determine the temperature of a gas, 
because the thermometer does not indicate the temperature of the surrounding medium, but 
the temperature of its own bulb. If a thermometer is surrounded by an opaque fluid or 
solid, it takes up heat by conduction from the surrounding medium and thus indicates the 
temperature of that medium. If the bulb of a thermometer is exposed in a gas, however, its 
temperature is determined both by the conduction of heat to or from the surrounding medium 
and the differences between the radiant energy absorbed and emitted by the thermometer. 

In order to measure, as closely as possible, the real temperature both of the air and of the 
surface soil, each thermometer used for measuring the air temperature was housed in a 
shelter exactly like those used by the United States Weather Bureau. It consisted of a rec¬ 
tangular box al>out 20 inches long, 20 inches high and 10 inches wide, with a sloping roof, 
dosed bottom and latticed sides. This box, witi the thermometer inside, was placed right 
on the surface of the ground or at a height of 6 feet. 

The thermometers for measuring the surface soil temperature were placed on the surface 
and their bulbs were covered with a very thin layer of soil. 

For measuring the influence of the soil temperature on that of the air immediately above 
the soil, two procedures were followed. One consisted of placing the minimum thermometer 
about one inch above the surface soil and leaving the bulb entirely unprotected and exposed. 
The second consisted of protecting or screening the thermometer by placing it in one of the 
boxes described above from which the bottom had been removed. The temperature inside 
of the box, then, was influenced by the temperature of the soil. At the same time, however, 
the box served to screen or protect the thermometer against direct radiation into space. 

EXPERIMENTAL RESULTS 

Experimental results and field observations have been gathered for the last 
three years upon the subject, but since it is intended to publish these data in a 
rather detailed report later, only a few typical results will be presented here at 
present. 

In table 1 are shown the temperature records of the whole experiment as 
described, for the night of October 5,1921. This was the first night that frost 
occurred in the fall of 1921 for this region. Table 2 shows the temperature of 
the soils during the day preceding. 

An c.xamination of the results in table 1 reveals some most interesting and 
remarkable differences in temperature in the various soils and in the air. In 
the first place, they show that the temperature of the air varies greatly with 
the elevation. 

In the second place, the data show that the day loam had the highest surface 
minimum temperature, followed by sand-covered muck, compact muck and 
cultivated muck, in order. The surface temperature of the day loam at 
the bottom land was 36.2’^F., that of the sand-covered muck 31.8®, compact 
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TABLE 1 


Minwiim tempeifature of air and soils for the night of October 5, 1921* 



POINT OP MEASVREilENT 

TEMPBRATUnn 


On bottom 
land 

On hill 

Air.J 

f 6 feet above ground. 

32.0 

“F. 

35.0 

[l inch above surface... 

29.0 

33.5 


f On surf ace. 

36.2 

35.5 

Clay loam compact- 

1 inch above surface (thermometers in box). 

34.2 

3S.0 


[6 inches deep. 

46.5 

47.0 

1 

f On surface. 

31.0 

32.0 

Muck compact.. .j 

1 inch above surface (thermometers in box). 

31.8 

34.5 


^6 inches deep. 

50.5 

52.1 

Muck cultivated. 

On surface... 

1 inch above surface (thermometers in box). 

28.0 

30.5 


1 

Muck, compact and 

[6 inches deep. 

f On surf ace. 

51.4 

31.8 


covered with lay-^ 

1 inch above surface (thermometers inb ox). 

32.8 


er of sand. 

16 inches deco. 

49.8 



* These results represent single determinations but they are typical of a great number 
of measurements made during four years. 


TABLE 2 

Maximmi temperature of soils at 1 and 4 PJf. during the day of October 6. 


pact 

Muck compact 

Muck cultivated 

Muck, compa< 
and covered wil 
layer of sand. 


POINT OP UBASTTRESIENT 

IJOTTOM-UND 

TEMPERATURE 

IIIXX 

TKMrCRAtURK 

1 p,m. 

4p,m. 

1 p.m. 

4 p.m. 


*F. 

MM 


"F. 

f On surface. 

55.0 

57.0 

56.0 

58.0 

[6 inches depth. 

S4.1 

54.0 

54.0 

54.8 

f On surf ace. 

58.0 

57.0 

57.0 

58.0 

inches depth. 

51.2 

53,1 

52.7 

54.0 

f On surf ace. 

57.0 

57.0 



(6 inches depth. 

51.7 

53.2 



f On surface.... 

56.0 

58.0 



1^6 inches depth... 

51.8 
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muck 31, and cultivated muck 28. The difference in temperature between 
the clay loam and the cultivated muck is 8.2°. 

The same variation in temperature exists between the clay loam and the 
muck on the top of the hill. The temperature of the muck at this place is 
32°, that of the clay loam 35.5°, or a difference of 3.5° in favor of the latter. 

Now it is to be noted that while the temperature of the clay loam is higher 
than that of the muck at the surface, at the 6-inches depth it is the muck that 
has the higher temperature. It will be seen that when the minimum tempera¬ 
ture was attained at the surface the temperature of the cultivated muck at the 
6-inches depth is 4.9° and that of the compact muck 4° higher than that of the 
clay loam. Yet at the surface the temperature of the clay is 8.2° higher than 
that of the cultivated muck. 

This difference cannot be due to any accumulated difference in the tem¬ 
perature between the various soils during the day, because the records in table 
2 show that the temperature of aU the soils at the various depths during the 
preceding day is about the same. Thus, at about 4 o’clock in tbe afternoon 
the temperature of the various soils at the corresponding depths is about 
equal. 

The most apparent and logical explanation for the difference in temperature 
at the surface between the mineral and organic soils and consequently for the 
difference in frost occurrence between them, seems to lie in the difference of 
their heat-conducting power. The mineral soils are good conductors of heatl 
while the organic soils are comparativdy poor conductorsof heat. The mineral 
soils, therefore, allow the heat, which has been accumulated at the various depth, 
during the day, to travel to the surface at a greater speed than in the case of 
the organic soils. The result is that the surface of the mineral soil is kept at a 
higher temperature, while that of the organic soils is allowed to become excess¬ 
ively cold, even thou^ their temperature at the lower depths is much higher 
than that of the mineral soils. The air above the mineral soils, therefore, is 
warmed to a correspondingly greater degree than that above the organic 
soils, and in a night when not too heavy a frost occurs, the mineral soils are 
able to prevent a frost, while on the organic soils frost occurs. 

The effective influence of the soil-stirface temperature on the air temperature 
above is strikingly illustrated by the results in table 1. It will be seen that 
the temperature of the air one inch above the clay is 34.2°F., while that above 
the cultivated muck 30.5°, or a difference of 3.7°. 

This influence is further remarkably illustrated under actual fleld conditions. 
It has been abundantly observed that when a heavy frost occurs in the soil so 
that even the plants grown on the mineral soils are bitten by it, in the case of 
com only the top portion is frozen, the lower portion, whidi is nearer to the 
influence of the surface-soil temperature is not at all touched, while the com 
grown in the adjacent muck land is frozen from top to bottom. 

It is to be further noted from table 1 that not only is the surface temperature 
of the muck lower than that of the mineral soil, but it is even lower than that of 
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the air one inch above. Thus, the surface temperature of the cultivated muck 
is 28°F., 'while that of the air one inch above is 30.5®. On top of the hill it 
is 32° for the muck and 33.5° for the air. In the one case the surface of the 
mineral soil, ho'wever, is 2° ■warmer than the air one inch above. 

The factor of heat conductivity, therefore, appears to be mainly responsible 
for the difference in frost occurrence on these soils. The agents or cultural 
practices that tended to accelerate the heat-conducting power of the soil, 
tond^d also to minimize the danger of frost occurrence. Packing of the soil 
and especially of the organic soils, and a high moisture content both help to 
increase the rate of heat transference of soils. 

The influence of packing is very strikingly shown in table 1, where it is 
seen that the temperature of the compact muck at the surface is 31°F., while 
that of the cultivated is 28°, or a difference of 3° in favor of the compaction. 

The influence of the -water-content is well exemplified by the following practi¬ 
cal observ'ation. In the fall of 1920, com grown in a basin of muck land where 
the drainage was very poor and the water-table and moisture-content high, 
was hardly touched by a frost, while the corn grown on the surrounding muck 
land -with a slightly higher elevation and much drier, -was completely kUlcd by 
the frost. Professor Alway has related to us somewhat similar observations in 
Minnesota. 

Referring once more to table 1, it -will be seen that the surface temperature of 
the muck covered with a thin layer of sand is slightly higher than that of the 
compact muck. The cause for this difference is not altogether clear, but, 
probably it is due to some way in which the layer of sand favorably affects the 
heat conductivity of the muck. It may accomplish this by acting as a muldh 
and thereby maintaining a higher moisture content and by forming a more 
compact layer of soil at the surface. 

The striking effect of the sand mulch on the temperature of the muck is 
further confirmed in a four years temperature measurement of gravel, sand, 
loam, clay and muck (2). These data show that when the muck was covered 
with a thin layer of sand its average temperature during the summer months 
was appreciably higher both at the 2- and the 12-inch depth than that of all 
the mineral soils. When not covered with the sand layer its average tempera¬ 
ture -was somewhat lower than that of the mineral soils. The higher average 
temperature in the former case was exi^lained on the basis that the sand layer, 
acting as a mulch, diminished the water evaporation and the heat which 
would otherwise be e3q)ended in the e-vaporation of the -water went to warm 
up the soil mass itsdf. 

Another soil factor which appears to have an appreciable bearing on freezing 
of plants is the soil fertility. Various observations show that where soils have 
been rather heavily fertilized, com or truck crops grown on them may some¬ 
times escape a frost, while the same kind of plants grown on adjacent soU, 
but unfertilized, may be completely killed by the frost. 
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SUMMARY 

The present paper is a preliminary report of an investigation on the causes of 
frost occurrence in muck soils. It is a general observation that when a frost 
occurs during the growing season, plants grown on muck and peat soils may be 
completely killed by the frost, while the same plants grown on mineral soils 
adjacent to and even on the same level, may not be at all touched by the frost. 

Results obtained seem to show that heat conductivity is the predominant 
factor responsible for this difference in frost occurrence. The mineral soils 
are good conductors of heat, while the organic soils are comparatively poor 
conductors of heat. The mineral soils, therefore, allow the heat, which has 
been accumulated at various depths during the day, to travel to the surface 
at a greater speed than in the case of the organic soils. The result is that the 
surface of the mineral soils is kept at a higher temperature, while that of the 
organic soils is allowed to become excessively cold, even though their tempera¬ 
ture at the lower depths is much higher than that of the mineral soils. The air 
above the mineral soils, therefore, is warmed at a correspondingly greater 
degree than that above the organic soils, and on a night when not too heavy a 
frost occurs the mineral soils are able to prevent a frost, while on the organic 
soils frost occurs. 
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INTRODUCTION 

This paper deals primarily with soil moisture ia relation to the physiological 
balance of the mineral elements required for plant growth. It presents the 
results of an eaperimental study of the growth of young buckwheat plants 
in soil cultures and corresponds to a somewhat similar investigation described 
in a previous publication (10) dealing with the growth of young wheat plants 
in sand cultures to which nutrient solutions were added in sudi a way as to 
produce different degrees of moisture in the cultures of the three different 
series employed. 

As explained in the earlier paper, the purpose of these investigations was 
to determine in what manner the physiological balance of salt proportions 
(as these affect the growth of plants) is influenced by different moisture con¬ 
ditions of the substrata in which the plants are grown, and further to study 
the effectiveness, or the relative plant-producing value, of various combina¬ 
tions of the active fertilizer elements under different soil moisture conditions. 

PLAN OF THE EXPERIMENTS 

Buckwheat was j^rown in soil cnillures for periods of four weeks. The soil used consisted 
of a liotnogcncous luixlure of cciual parts, by volume, of rich sandy loam and carefully washed, 
while, scaslKirc siind. The soil was thus diluted with the sand in order that the mineral 
elements J)rl‘^ent in the medium might not too greatly obscure the effects of added salts upon 
the growth rates of Uic jdants. The maximum water-retaining capacity of this mixture, 
d(*termincd according to the method of llilgard (5) was 31.24 per cent on the dry-weight 
basis, this value bedng the average of live determinations. To the soil cultures prepared with 
the above desc'ribcd mixture the fertiliser salts were added in the form of solutions each of 
which contained the three salts, KH«PO<, Ca(N08)s, and MgSOi. The solutions used com¬ 
prised a series of 21 different sets of salt proportions and are described as the solutions of 
type I in a “plan for cooperative research prepared for a special committee of the National 
Research Council,” (d) but as here used the solutions had higher total concentration values 
than that spedded in this plan. 

The solutions were added to the air-dry soil in such quantities as to produce the same 
initial moisture conditions in all the cultures of a single scries. Corresponding cultures of the 
variou's scries were all alike with respect to the proportions of the salts added to the soil but 
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differed from each other in the soil-moisture content. All the soil cultures of one scries were 
prepared to have 30 per cent moisture based on the nuudmum water-retaining capacity of the 
soil, the cultures of a second series had a moisture-content of 60 per cent, and those of a third 
series had a moisture-content of 80 per cent on the same basis. The initial moisture-content 
of the cultures of the second series was chosen to approximate that required for optimum 
growth of the plants, while that of the cultures of the first and third scries, respectively, was 
considerably above and below this optimum. All the fertilizer elements added to the soil 
were supplied in this initial application of the solutions to produce the required moisture- 
content of the soil cultures which was subsequently maintained by the frequent addition of 
distilled water to each culture in sufficient quantities to restore the moisture lost through 
transpiration. Evaporation from the surface of the soil was prevented by a wax seal (2). 

In creating the required initial soil moisture-content of corresponding cultures of the three 
series, as was here done by the use of nutrient solutions, it was not possible of course, to prevent 
the introduction of variable factors other than that of soil moisture and these must be con¬ 
sidered in relation to the growth of the plants. The variable factors in question are those of 
total salts added per culture, total salts per unit volume of soil (involving total concentration 
of the soil solution), and the amounts of soil used per culture which depend upon the three 
possible methods of creating the required initial moisture conditions of the soil cultures by the 
use of nutrient solutions. These three methods were used in the present work which gave 
rise, unavoidably, to as many sets of experimental possibilities, each involving the tJiree series 
of soil cultures above described. 

The experimental possibilities, representing the unavoidable sets of cultural differences to 
which the plants may be subjected, with the given differences in the initial soil-moisture 
content in corresponding cultures of the three series, arc set forth in table 1. The table is 
divided into three horizontal sections each of which give the data for a single group of cultures 
comprising the three series and representing one of the three sets of experimental iDossibilities, 
For the sake of convenience the groups are numbered consecutively I, II, and HI and the 
series of each group will be designated the sub-optimal, optimal, and supra-optimal scries 
according as the moisture-content of the cultures in the series was 30 per cent, 60 per cent, or 
80 per cent of the maximum water-retaining capacity of the soil, respectively. The weights, 
in grams, of the air-diy soil used per culture, the amounts of solution in cubic centimeters 
added to the cultures of the different series to give the required moisture content, and the 
approximate total concentration values of the solutions, in atmospheres, are given. In the 
last two columns of the table arc given the total salts per culture and the total salts per unit- 
volume of soil in terms of these values for the cultures of the optimal series taken as 1.00 in 
each case. 

The methods used in creating the rcciuired initial soil-moisture and the soil conditions, with 
respect to other variable factors, resulting therefrom arc briefly stated as follows: (1) Solu¬ 
tions alike in every respect were added in equal volumes to such amounts of soil as were 
inversely proportional to the required initial soil-moisture in corresponding cultures of the 
three series. The total salts per culture were then the same throughout and the total salts 
per unit volume of soil were directly proportional to the required soil-moisture in correspond¬ 
ing cultures. (2) Solutions alike in ever respect were added to equal amounts of soil in such 
volumes as were directly proportional to the required soil-moisture. The tota} salts per cul¬ 
ture and the total salts per unit volume of soil were then also directly proportional to the 
required soil-moisture in corresponding cultures of the three series, (3) Solutions with total 
salt concentrations which were inversely proportional to the required soil-moisture, but alike 
in every other respect, were added to equal amounts of soil in such volumes as were directly 
proportional to the required soil-moisture. The total salts per culture as well as the total salts 
per unit volume of soil were then equal, re^ecUvely, in corresponding cultures of the three 
series. It is here assumed that the addition of the salts in the solution form to the soil of the 
various cultures was essentially the same in effect as adding the salts in the dry form to the 
soil and subsequently creating the required soil-moisture content by the addition of distilled 
water in the proper amounts. 
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The volume-molecular partial concentrations, which indicate also the molecular salt 
proportions of the 21 different solutions in each series of the three groups are given in table 2. 
The solution numbers refer to the positions which the solutions occupy in the tiiangular 
diagram representing the series as described in a “plan for cooperative research prepared for 
a special committee of the National Research Council,*’ above cited. 

In order to make the study as complete as possible the three groups of cultures as outlined 
in table 1, each group comprising the three series, were conducted simultaneously. Each 
scries included in addition to the 21 treated cultures two check cultures which were prepared 
by adding distilled water instead of solutions to the air-dry soil in the proper amounts to 
produce the required initial soil moisture. It will be observed from the data of table 1 that 
all the optimal series were alike in every respect. These were, therefore, omitted from two of 

TABLE 1 


Numerical data describing the initial treatment and condition of the soil cultures employed in 

groups I, II and III 


b'CRICS 

! 

1 

g 

1 

§1 

ii 

u 

tn 

1 

1 

Si 

Is 

ss 

ATORCnailATE CONCENTRATION OR 
SOLl/IIONS ADDED TO CUXTURES 

RIXATIVB 
VALVES BASED 
ON THOSE OR 
OPTniAL SERIES 
TAKEN AS 1 00 

Total salts per cul¬ 
ture 

Total salts per unit 
volume of soil 


gm. 

ptr C6iU 

cc. 




Croup I: 







Suboptimal. 

3200 

30 

300 

1.75 

1.00 

0.50 

Optimal. 

1600 

60 

300 

1.75 

1.00 

1.00 

Supra-optimal. 

1200 

80 

300 

1.75 

1.00 

1.33 

Group II: 







Sub-optimal. 

1600 

30 

150 

1.75 

0.50 

0.50 

Optimal. 

1600 

60 


1.75 

1.00 

1.00 

Supra-optimal. 

1000 

80 


1.75 

1.33 

1.33 

Croup III: 







Sub-optimal. 

1600 

30 

ISO 

3.50 

1.00 

1.00 

Oi)tjmJiI ... 

1600 

60 

300 

1.75 

mi 


Supra-optimal.. — 

1600 

80 

400 

1.31 

H 



the groups in the actual e.^pcrimentation leaving a total of seven series which were conducted 
simultaneously. 

Half-gallon gltused earthenware pots were used as culture-vessels except for the cultures of 
the sub-oi)timal series of group I which required larger i)ots and for those of the supraroplimal 
series of the stime group for which somewhat smaller pots were used. The seedlings were 
carefully selected from a large number grown on germinating nets (9). Four seedlings were 
transplanted to each soil culture previously prepared. The cultures were then continued 
until all the plants were in full bloom which required a period of 28 days from the time of 
transplanting. 

Throughout the growth period, excessive changes in the moisture-content of the soil 
through the loss of transpiralional water were prevented by weighing the cultures daily and 
suj)plying sullicicnt amounts of distilled water at each weighing to restore the ongmal 
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xnoi8ture-cx>nditions. During the last two weeks of the growth period the cultures were 
weighed twice daily and the original moisture conditions restored, unless the atmospheric 
conditions of the greenhouse in which the cultures stood were such as to permit only very low 
rates of transpiration. Under such conditions distilled water was addded to the cultures 
only once daily. The marimum loss of water from any culture of the three groups during any 

TABLE 2 

Vohime’fnolectdar proportions of Ca(NOz)ii end MgSO^ in the sokitions added to the 

soil cultures in the proper amounts to create a soiUmoisture content of 30 per cent, 60 per cent, 
and 80 per cent of the ^noximum water-retg.ining capacity of the soil in the sub-oPlimal, optimal, 
and siipra-optimal series, respectively, in the different groups 


SOLUTION NUHBi:a 


RiSi.. 

Sa.. 

Sa.. 

S*.. 

Ss.. 

Ss.. 

RaSi.. 

5.. . 
Sb.. 

54.. 

Sb.. 

RbSi.. 

Sa.. 

Ss.. 

S4.. 

R*Si.. 

Sa.. 

Ss.. 

RbSi. 

s*. 


ReSx. 


Solutions used the 
sub-optimal, optimal and 
supra-optimal series 
of groups I and II, and 
vvith the optimal series of 
group III (Concentra¬ 
tion 1.75 atm.) 


10.0047 0.0047 0 
0.00440.00860 
0.0042 0.01240 
0.0039 0.0156 0 
0.0039 0.01890 
0.0035 0.02130.0035 


VOLUME-MOLECULAR PROPORTIONS 


0.00470.0281 
00860.00860.01731 


0.0093 
0. 
0.0082 
0.007910 


0.0l73i 

0.0165 

0.0158 

0.0215 

0.0206 

0.0254 


6 

i 


0.0044 

0.0082 

O.OllOj 

0.0042 

0.0082 

0,0042! 




0282 
0215 0 
.01640 
.01170 


10.00940.00940 
.0088 0.01270 
.00840.02480 
.00780.03120 
007510.00780.03780 


0.00700.0426 0.00700.0026 0.0160 0.0026 


0.01860.00940 
0.0172 0.01720 
|0.0124 0.0124 0.0164 0.0248 0 
0158 0.0079 0.0158 0.03160 
|0.007210.0182 0.0037 0.0144 0.0364 0, 


0,0133 0.0044 0.0177 0.0266 0.0088 
0,0126 0.0084 0.0126 0.0252 0.0168 
0.0119 0.0119 0.0079 0.0238 0.0231 
0,01140.0151 0.0037 0.0228 0.0302 


0.0130 

0,0082 

0,0039 

0.0086 

0.0040 

0.0042 


Solution'^ used with the 
sub-optimal series of 
group 111 (Concentrar 
tion 3 50 atm.) 


0.0346 

0.0330 

0.0316 


0.0431 

0.0412 

0.05081 


I 

& 


0.0088 

0.0164 

0.0238 


iOO 


.0084 

10.0164 

0.0084 


.05640.0035 0.003510 
.04300.0033 0 
.03280 


,0031 


► .00640 
.0093 0 
.023410.00290.0117 0 
01500.00290 


03460 


02480 


0.03540 

0.02520 


80 


0158 

0.0074 

0,0260 

0.0164 

0.0078 

0.0172 

0.0080 

0.0084 


Solutions used with 
supra-optimal scries of 
group III (Concen¬ 
tration 1.31 atm.) 


.0064 

.0062 


0.0064 
0.0093 
015810.0059 0.0118 
0.0136 


00740.0054 


.0100 

.0094 

0.0089 

0.0085 


0.0130 

0.0123 

O.Oll 


0.0161 

0.0155 

0.0190 


& 

c3 


.0211 
.0161 
.0123 
0088 
014210.0056 


056210.006910.0035 0.0173 
0.0130 
0.0093 
0.0059 
0.0028 


0.0053| 

0.0063 

0.00891 

0.0113 


0.003; 

0.00621 

.0089 


80 


0.0031 

0.0062 

0.0031 


I 


0.0132 

10.0094 

0.0059 

0.0028 


30 


.0097 

0.0062 

0.0029 

0.0064 

0.0030 

0.0031 


one interval between two successive weighings did not exceed 1.25 per cent, on the dry-weight 
basis. The average loss of transpirational water per culture during the intervals between 
successive weighings was, of course, very much lower than this and the loss was sustained 
during a very short period of time only. Thus the soil-moisture content of the cultures 
throughout the entire period of growth was maintained within very narrow variation limits. 
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The three sub-optimal senes, one of the like optimal series, and the three supra-optimal 
senes were conducted simultaneously during the 28-day period from November 13 to December 
11,1920 and these were then repeated during the period from March 10 to April 7,1921. At 
the end of each period of growth the plants were harvested. The tops were dried at a tem¬ 
perature of about 102®C. and the dry weights obtained in the usual way. Owing to the great 
difficulty of accurately weighmg roots that have grown in soil, the dry-weight yields of tops 
alone will here be considered. 


EXPERIMENTAL DATA 

The dry-weight values of tops are given in tables 3, 4, and 5. Each of the 
tables presents the data for the three series of cultures (one for each degree 
of soil moisture employed) comprised in a single one of the three groups. The 
culture numbers shown in the first column of each table define the positions 
which the cultures occupy in the series with respect to the triangular diagrams 
(6) employed to represent graphically the partial molecular concentrations 
and the molecular salt proportions of the solutions added to the soil-cultures 
to produce the required initial soil-moisture. Since the triple series of cultiues 
in each group was repeated, the data in the tables represent averages of the 
3 rield-values obtained from corresponding cultures of like series conducted 
during different time-periods. The first column in each section of the tables 
representing the data for a single series, gives the average absolute yield-values 
in grams while the second column gives the average dry wei^t of tops relative 
to the corresponding weight of culture Ri Ci taken as 1.00. The relative 
data represent the values obtained by averaging the relative 3 rield-values 
from corresponding cultures of like series conducted during different time- 
periods. These are, therefore, averages of two or more ratios and not the 
ratios of averages, whidi accounts for the fact that the relative values given 
in the tables do not always bear exactly the same relation to one another 
as do the absolute yield values. 

As indicated in table 1, the optimal series in the three groups of cultures 
were identical. As previously stated, therefore, a single series sufficed to 
fumirii the data for the optimal series in each of the three groups of cultures 
conducted simultaneously. This accounts for the fact that the average data 
for the optimal series in groups I and n (tables 3 and 4) are alike. It will 
be observed, however, that the data for the optimal series in group III (table 
5) are not the same as are those of the corresponding series in groups I and II 
since the series of these two groups were only once repeated while those of 
group HI were twice repeated. The data in tables 3 and 4 thus represent 
average dry-weights from corresponding cultures of two like series while 
those in table S represent average dry-wei^ts from corre^onding cultures of 
three like series. 

The average relative data for the cultures which produced the highest seven 
yields in each series are shown in bold-ffice type in the tables. T^e values 
taken from the proper columns of tables 3,4, and 5 were plotted on the triangu¬ 
lar diagrams riiown in figures 1,2, and 3, respectively, as was done in the earlier 
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publication (10) dealing mth. the relation of the moisture-content in sand- 
cultures to salt-balance for wheat plants and corresponding to the present 
work with buckwheat plants in soil-cultures. The shaded areas on these 

TABLE 3 

Average ahsoVute and relative dry weights of buckwheat tops g^own 28 days in soil cuhuresof 
^oup I to which were added nuUri&nt solutions (all having an osmotic concentration value of 
approximiely 1.75 aUnosph&res) in the proper amounts to produce a soilmoisture c<ynlcnt of 
30 per cent, 60 per cent, omA 80 per cent in the cultures of the sub-optimal, optimal, and supra- 
optimal series, respectively 


DEV WEIGHTS (4 PLANTS) 


CULTURC NUHBCft 

Sub-optimal seiies, 

30 per cent moisture 

Optimal series, 

60 per cent moisture 

Supra-optimal series, 
80 per cent moisture 


Absolute 

Relative 
toRiCi 
as unity 

Absolute 

Relative 
toRiCi 
as unity 

Absolute 

Relative 
to RiCx 
as unity 

RiCi. 

gm. 

1.5690 

1.00 

gm. 

2.0560 


gm. 

1.6297 


Cj. 

1.9976 

1.22 

2.5179 

1.19 

2.3746 


Ci . 

2.2424 

1.38 

2.6231 

1.26 

2.4892 


Q . 

2.2520 

1.39 

3.1569 

1.53 



Ct. 

1.9819 

1.19 

3.2918 

1.61 

2.2452 


Ct . 

2.0112 

1.20 


1.42 

2.1671 

1.35 

R.Ci . 

1.2541 

0.82 

2.0655 

1.07 

1.6513 

1.00 

C,. 

2.0513 

1.20 

2.3480 

1.27 

2.1439 

1.26 

C,. 

1.9857 

1.16 

3.3113 

1.58 

2.4689 

1.48 

C.. 

2.3186 

1.32 

3.1674 

1.52 

2.5505 

1.55 

Cs. 

2.2625 

1.34 

3.3878 

1.60 

2.5342 

1.46 

R.Ci . 

1.5336 

0.98 

2.1167 

1.17 

1.5660 

0.97 

C.. 

1.8676 

1.14 

2.4931 

1.25 

2.5581 

■SI 

c,. 

1,9027 

1.18 

3.0160 

1.5S 

2.2293 


c,. 

2.2863 

1.33 

3.3692 

1.61 

2.7488 

1.63 

R*C,. 

1.4102 

0,90 

2.0094 


1.7790 

1.11 

C,. 

1.8730 

1.14 

2.4301 

1.19 

1.6545 

1.06 

Cs. 

2.2431 

1.35 

2.7042 

1.35 

2.4897 

1.40 

RtCi. 

1.5447 

0.98 

1.9071 

0.98 

1.5825 

1.00 

C, . 

1.8900 

1.16 

2.4248 

1.27 

1.8030 


R»C,. 

1.6497 

1.03 

2.0310 


1.5574 

0.97 

Check. 

0.8498 

0.57 

1.1010 

0.56 

0.4829 



triangular diagrams show the distribution in the series of the seven high- 
yielding cultures (upper one-third) only, since medium and low yields are 
of little interest in this connection. The positions of the cultures which pro¬ 
duced the maximum yields in their respective series are marked with circles. 
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The three triangular diagrams showing graphically the distribution of the 
high-yielding cultures in the sub-optimal, optimal and supra-optimal series 
of any one of the three groups of cultures are brought together in a single 

TABLE 4 

Average absolute and rekUhe dry weights of buckwheat tops grown 28 days in soil cultures of 
group IT to which were added nutrient sohiiions (all having an osmotic concentration value of 
approximately 1H5 atmospheres) in proper amounts to produce a soU-moisiure content of 30 
per centj 60 per cent, and 80 per cent in the cultures of the sub-optimal optimal, and supra- 
optimal series, respectively 


DRY WEIGHTS (4 PLANTS; 


CULTtfRE NUICBER 

Sub-optimal scries* 

30 per cent moisture 

Optimal series, 

60 per cent moisture 

Supr&optimal series, 
80 per cent nurture 


Absolute 

Relative 
to ]^Ci 
as unity 

Absolute 

Relative 
to RiCi 
as unity 

Absolute 

Relative 
to RiCi 
as unity 

RaCi . 

gm, 

1.3735 


gm* 

2.0560 

1.00 

gnt, 

2.1427 

1.00 

c,. 

1.6917 

1.21 

2.5179 

1.19 

2.0607 

1.00 

c,. 

1.6824 

1.21 

2.6231 

1.26 

2.4264 

1.10 

c.. 

1.7928 

1.22 

3.1569 

1.53 

2.4070 

1,17 

c,. 

2.0667 

1.47 

3.2918 

1.61 

1.8975 

0.82 

c,. 

1.9132 

1.27 

3.0663 

1.42 

2.4261 

1.15 

RsCx .. . . * • • 

1.2926 

0.96 

2.0655 

1.07 

2.0307 

0.99 

G.. 

1.6201 

1.15 

2.3480 

1.27 

2.2098 

1.06 

C,. 

1.8601 

1.30 

3.3113 

1.58 

2.4720 1 

1.21 

Ci. 

1.9859 

1.33 

3.1673 

1.52 

3.0407 

1.36 

C( . 

1.8811 

1.31 

3.3878 

1.60 

2.4330 

1.23 

RsCi . 

1.3002 

0.94 

2.1167 

1.17 

1.8600 

0.93 

c,. 

1.6513 

1.18 

2.4931 

1.25 

2.0888 

0.98 

c,. 

1.4628 

1.05 

3.0160 

1.55 

2.6455 

1.30 

Q* . 

1.9858 

1.39 

3.3692 

1.61 

2.6919 

1.20 

R 4 C 1 . 

1.3992 

1.04 

2.0094 

1.04 

1.8895 

1.00 

C,. 

1,6309 

1.15 

2.4301 

1.19 

2.1084 

1.12 

C,. 

1,7092 

1.19 

2.7042 

1.35 

1.9671 

0.99 

R»C.. 

1.4511 

1.06 

1.9071 

0.98 

1.7352 

0.95 

C,. 

1.7836 

1.26 

2.4248 

1.27 

2.0095 

1.08 

R.Cj. 

1.2687 

0.92 

2.0310 

1.10 

1.6023 

0.78 

Chock. 

. 0.8455 

0.57 


0.56 

0.5953 

0.35 


figure for ready comparison. The three scries in each group will be compared 
separately with respect to high yield-values and will then be conadered in 
connection with the corresponding series in the other groups. 
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Group I 

The nxethod by which the required soil-moisture in the cultures of this 
group was created has already been described together with the experimental 
condition of the cultures at the beginning of the growth period. As shown in 

TABLE S 

Absolute and tdaiive dry weights of buckwheat tops g^own 28 days in soil cultures of group III 
to which were added nutrient solutions, having total osmotic concentrations values of approx- 
imately 3.50 atmospheres in the sub-optimal US atmospheres in the optimal and 1.31 atmos¬ 
pheres in ike suproroptimal series, in proper amounts to produce a soilmtoisfure content of 30 
per cent, 6o per cent, and 80 per cent in the cultures of the three series, respectively 


DRY WBIGBTS (4 PI.ANTS} 


CULTDRE^njUBER 

Series A, ^ 

30 per cent moisture 

Scries B, 

60 per cent moisture 

Series C, 

80 per cent moisture 

Absolute 

Relative 
to RiCi 
astuuty 

Absolute 

Relative 
to RxCi 
as unity 

Absolute 

Relative 
to RxCi 
as unity 


gm. 


gm. 


gm. 


RiCi . 

1.1615 

1.00 

1.1415 

1.00 


1.00 

Cs. 

1.2737 

l.io 


1.11 

IBI 

1.21 

c,. 


0.88 

1.3668 

1,20 

0.9008 

0.92 

c,. 

1.1675 

1.00 

1.6954 

1.49 

1.0413 

1.07 

c«. 

1.1160 

0.95 


1.60 

1.1167 

1.14 

c,. 


0.98 


1.24 

1.1612 

1.19 

RaQ . 


0 99 

1.3729 


0.9468 

0.95 

C«. 


1.09 

1.4972 


1.1113 

1.14 

Cs. 

1.1846 

1.02 


1.48 

1.0913 

1.12 

C 4 . * • 

0.9748 

0.82 

1.6636 

1.48 

0.9778 

1.00 

c,. 

1.2633 

1.09 

1.6962 

1.49 

0.9384 

0.95 

K 4 C 1 . 

1.1388 

0 97 

1.6328 

1.45 

0.9722 

t.OO 

C*. 

1.2380 

1.07 

MMjOl 

1.31 

1.0060 

mm 

Cs.. 

1.3782 

1.19 

BESS 

1.75 

1.2420 

ns 

C 4 . 

1.3060 

1.13 

1.7174 

1.51 

1.0315 

■si 

R 4 CI. 

0.92SS 


1.3276 

1.16 

0.9727 

1.00 

c.. 

1.2210 

1.05 



1.3420 

1.38 

c,. 

1.0995 

0.93 

1.6085 

1.41 

1,0970 

1.12 

RiCk . 

1.0454 


1.2729 


0.9845 

1.01 

c*. 

1.5016 

1.29 

1,6372 

1.45 

1.2725 

1.31 

RsCi. 

1 AAU 

1 26 

1 5253 

1 34 

1.0808 

1 12 

Check. 


0.60 

0.7926 

0.64 

0.4576 

0.46 


table 1, the amounts of soil used per culture in the different series were made 
inversdy proportional to the required sofl-moisture so that, when equal 
amounts of the same solution were added to the proper amounts of soil to 
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produce the required soil-moisture, the total salts per culture in corresponding 
cultures of the three scries were also equal throughout but the total salts per 
unit volume of soil were directly proportional to the soil-moisture; that is, 
the total salts added were present in the proportions of 3 : 6:8 in the corre¬ 
sponding cultures of the sub-optimal, optimal, and supraniptimal series, 
respectively. 

Inspection of the data in table 3 and a comparison of the triangular dia grams 
in figure 1 show at once that there is a marked degree of sinoUarity between 
the three series comprised in this group with respect to the positions in the 
series of the cultures which produced high yields. The areas showing the 
highest seven yields for each of the three series occupy the same general region 
at the lower right on the triangular diagrams. Out of the group of cultures 
in each series which produced the highest seven yields, four are corresponding 
cultures of the three series and are included in the areas of high yields on each 
of the three diagrams. These cultures are RA, RaCi, RaCs, and RjC*. 
Culture RiCa appears in the area of high yields on the diagrams of the sub- 
optimal and supra-optimal series but is not included in this area on the diag ram 
of the optimal scries. Likewise culture RaCs is included in the area of high 
yields on the diagram of the optimal and supra-optimal series but is not 
included in this area on tire diagram of the sub-optimal series. 

The maximum yield of the sub-optimal series was produced by culture 
RiCj, which, however, did not correspond to the culture giving the highest 
dry weight in either of the other two series of this group. The maximum 
yields obtained from the optimal and supra-optimal series were produced by 
corresponding cultures, each of the cultures having the number RtC^ in its 
respective series. In the optimal series, however, cultures RiCs and R 1 C 4 
show the same relative value. Each of these cultures is marked with a circle 
on the diagrams representing the series. 

It is thus at once apparent that, under the conditions to which the cultures 
of this group were subjected, the fertilizer balance for good growth was not 
materially altered by the rather pronounced differences in the moisture-content 
of the cultures. 'Iliis follows from the fact that the areas of high yields on 
the triangular diagrams representing the three series occupy the same general 
region at the lower right of the diagrams, four out of the highest seven yields 
in each scries being produced by corresponding cultures. The conclusion is 
further supiiorted by the fact that the maximum relative 3 deld in the optimal 
and supra-optimal series wasproduced by culture R3C4 which was also included 
in the area of high yields in the sub-optimal series, although the nsaximum 
relative yield in this series was produced by another culture (R1C4). 

The average absolute yield-values of the Ibxee series taken from the columns 
of table 3 were arranged in the descending order of the values for the optimal 
series. These values were then plotted as ordinates to form the graphs of 
figure 2 in wMch the culture n\mibers represent the abscissas. 




Fig. 1. Distribution ot Cuxtures Producing the Highest Seven Yijeids of Buckwheat 


Tops in Each Series of Group I 


The cultures giving xxuudmum yields axe marked with circles 
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The three graphs of figure 2 all agree in a general way in diowing a gradual 
downward slope to the right. This indicates, of course, that the proportions 
of the fertilizer constituents designated by the culture numbers, in passing 
from left to the right, have a progressively less efficient balance for the growth 
of buckwheat in the particular soil employed. The graphs representing the 
sub-optimal and supra-optimal scries (30 per cent and 80 per cent soil-moisture, 
respectively) are, of course, irregular and while there is a tendency toward 
parallelism between these two graphs in the upper half of their course they 
are not at all parallel to the graph of the optimal series. 

The graph representing the optimal series in which the cultures had a 
medium soil-moisture content lies considerably above the other two graphs. 
Not a single culture of this series is surpassed in yield by a corresponding 



Fro. 2. AvmAOB Actuai. Ymins as Buckwheat Tops roa Low, MEDruii, amd High 
Soo-Moistuki: (Sub-Qptimai., Opumal, and Supsa-Optomal Series, Respecuvixy) 

OF the Cultures of Group I 


culture of the sub-optimal series and only one by the corresponding culture 
(RtCs) of the supra-optimal. It is to be observed also that the graph represent¬ 
ing the supraroptimal serieslica above that of the sub-optimal scries throughout 
nearly its entire length, the 3 dclds from only three cultures of the former being 
inferior to the yields from the corresponding cultures of the latter. 

The maximum average absolute yield from the optimal series is 46 per cent 
higlier than that from the sub-optimal and 25 per cent higher than that from 
the supra-oi)tunal, while the average of the highest seven yields from the 
optimal scries is 45 per cent higher than the corresponding yield from the 
sup-optimal scries and 27 i)er cent higher than that from the supra-optimal. 
The superiority of the yields from the cultures of the optimal series over 
those from the sub-optimal and supra-optimal is thus seen to be quite 
pronounced. 
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From the foregoing facts and from the evidence to be presented in connection 
with the consideration of groups 11 and HI, it is apparent that this superiority 
of the jdelds from the cultures of the optimal scries is the direct result of more 
favorable moisture conditions for growth. 

In this connection it is to be emphasized that, in general, the influence upon 
the growth rates, as indicated by yield values, of such differences in soil-moisture 
content as existed between the cultures of the diflreent series is quite as 
pronounced as is the influence of the variations in the proportions of the 
fertilizer constituents as these occur throughout each of the three series. 

Group 11 

In this group, equal amounts of soil were used for all the cultures of the 
three series. Therefore, the amounts of solution which it was necessary to 
add to corresponding cultures of the three series in order to produce the required 
initial moisture-content of the cultures were directly proportional to the 
initial soil-moisture, as were then also the total salts per culture and the total 
salts per unit-volume of soil. .This condition, of course, required that the 
total concentration of the solutions added to the soil should always be the 
same. 

Comparing now the triangular diagrams of figure 3 which show the 
distribution of the cultures producing the highest seven yields in each of the 
three series as ^own in table 4, it will be observed that the agreement between 
the areas marking the positions of these cvdtures in the different series is even 
more pronounced than that between the corresponding areas on the diagrams 
(fig. 1) representing the series of the preceding group. As indicated on die 
diagrams of figure 3, the areas of high jdelds all occupy the same general 
region at the lower right of tbe triangles. Five cultures of those which produced 
the highest seven yields in each scries are corresponding cultures and appear 
in the areas of high yields on each diagram. These cultures are R 1 C 4 , i^Cs, 
RsC 4 , RsCs, and R 3 C 1 . It will be observed also that culture RjCs is included 
in the area of b^h yields on the diagram of the sub-optimal series and optimal 
series but not on that of the supra-optimal series, while culture RiCe appears 
in the shaded area on the diagram of the sub-optimal and supra-optimal scries 
but not on that of the optimal. Similarly culture R«Cii is included in the area 
of high yields on the diagram of the optimal and supraroptimal scries but 
does not appear in this area on the diagram of the sub-opthnal. 

The maximum jdelds in the three series of this group were not produced 
by corresponding cultures although culture RiCs which produced the maxi¬ 
mum relative yield in the sub-optimal series corresponds to the culture which 
produced a secondary maximum jdeld in the optimal series. The relative 
jdelds from two cultures (RiCb and RjC*) of this series show equal values. 
The ma ximum yield from the supra-optimal series is indicated for culture 
R«C4. 



CarNOct) 
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The diagrams of figure 3, like those of figure 1, show very clearly that there 
is no significant shifting of the balance of fertilizer constituents characterizing 
good growth in changing from a soil-moisture content which was considerably 
below that of the optimum to one above the optimum. This is true for the 
sets of experimental conditions under which the cultures of this group and 
those of the preceding group were carried out. A comparison of the diagrams 
of figure 3 with the corresponding ones of figure 1 shows that these diagrams 
are in very close agreement with respect to the positions on the diagrams of 
the areas of high 3 delds, since all occupy somewhat similar regions at the 
lower right of the triangles. This general agreement is emphasized by the 
fact that four cultures among those which produced the highest seven jdelds 
in each of the six series represented in figures 1 and 3 are corresponding cultures 
and are included in the areas of high yields on each of the six triangular dia¬ 
grams. In this connection it is to be noted that in the preparation of the soil 
cultures of groups I and II the total concentration of the solutions added to 
the soil to create the required initial soil-moisture was always the same (1.75 
atm.) and the total salts per unit volume of soil in corresponding cultures of 
the three series in each of the two groups were always directly proportional 
to the soil-moisture content, as shown in table 1. Alteration of these two 
important factors (since it was not possible to alter the one without altering 
the other) produced markedly different results with respect to the salt balance 
required for good growth of buckwheat in the soil used, as will appear in 
considering the data of group III, 

The average absolute yield-values for the three series of group 11 taken 
from the columns of table 4 were plotted to form the graphs shown in figure 
4. These graphs were prepared in precisely the same manner as were those 
(fig. 2) representing the corresponding series in the precedmg group. It will 
be observed that the arrangement of the graphs of figure 4 is quite similar to 
that of the graphs of figure 2, The graph representing the yields from the 
optimal series with medium soil moisture is again seen to lie considerably 
above the other two graphs. Thus under the cultural conditions defined 
at the beginning of this section and expressed numerically in table 1, every 
culture of the optimal series except one (culture RiQ) shows a marked supe¬ 
riority in yield over the corresponding cultures of the other two series in spite 
of the fact that the cultures of the supra-optimal series received a total salt 
application per culture and per unit volume of soil which was considerably 
higher than that received by the cultures of the optimal series. On the other 

band, the cultures of the sub-optimal series received a total salt application 
which was only half as great as that received by the cultures of the optimal 
series. However, when the cultures of the sub-optimal and of the supra-opti¬ 
mal series received total salt applications which equaled those received by 
the cultures of the optimal series the relation between this series and the other 

two, with respect to the yields produced, was not materially altered as is 
clearly shown by a comparison of the graphs of figures 2, 4, and 6. 
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The superiority of the yields from the optimal series over those from the 
other two series is emphasized by the fact that the maximum yield from this 
series was 6v3 per cent above that of the sub-optimal and 11 per cent higher 
than that of the supra-optimal, while the average of the highest seven yields 
from the optimal series was 69 per cent and 25 per cent higher tlian the cor¬ 
responding yields of the sub-optimal and supra-optimal series, respectively. 

Ihe graph representing the supra-optimal series (fig. 4) lies considerably 
above tliat of the sub-optimal throughout almost its entire length, only a 
single culture (RiCs) of the former series being surpassed in yield by the 
corresponding culture of the latter. Thus the relation between these two 
graphs is quite similar to that exhibited by the graphs representing the cor¬ 
responding series of the preceding group (fig. 2). 



FiCr. 4. Avi-;jtAor. Actual Yjoslds or Buckwheat Tops poe Low, Medium, and Higs 
Soil^Moisture (Sub-Optimal, Optimal, and Supra-Optimax Series, Respectively) 
or THE Cultures or Group n 


Group III 

Tn this group, as in group IT, equal amounts of soil were used in all the cul¬ 
tures and tlic amounts of solution added to the soil cultures of the three series 
in order to produce the required initial soil-moisture were of necessity again 
made dirccUy proportional to the moisture-content of the cultures. The 
proportions were as 3:6:8 in the cultures of the sub-optimal, optimal, and 
supra-optimal scries, respectively. Although the salt proportions of the 
solutions added to corresponding cultures were always the same it is important 
to note that the total salt concentrations of the solutions differed widely smee 
they were inversely proportional to the soil-moisture content. The solutions 
added to the cultures of the sub-optimal, optimal, and supra-optimal series 
had total osmotic concentration values of 3.5. 1.75, and 1.31 atmospheres, 
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Flo. 5. Distribution ot Cultures Producing the Highest Seven Yxeids or Buckwheat 
Tops in Each Series op Group HI 

The cultures giving maximum yields are marked with circles 
406 
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respectively. The total salts per culture and the total salts per unit volume 
of soil in corresponding cultures were, therefore, equal throughout as indicated 
by the relative data in table 1. 

Tlie triangular diagrams graphically representing the three series of this 
group arc shown in figure 5. It will be observed that there is scarcely any 
agreement, with respect to the areas marking high 3 delds, between the dia¬ 
grams of the optimal series and those of the other two series. On the diagrams 
of the sub-optimal and supra-opUmal series the high yields are included in 
small detached areas nor do these occupy the same general region at the lower 
right on the diagrams as do the areas of high yidds of all the series comprised 
in the preceding groups (figures 1 and 3) and that of the optimal series in the 
present group. Only a single culture (RaCs) of those which produced the 
highest seven yields in the respective series appears in the area marking these 
on the diagram of each of the three series. However, out of the highest seven 
yields from the sub-optimal series and from the supra-optimal series four were 
produced by corresponding cultures and these are shown in the detached areas 
of high yields on the diagrams r^resenting these two series, but there is 
little similarity between the areas of high yields on the two diagrams. The 
main point of agreement lies in the small area at the lower left on each triangle 
embracing the two cultures RiCj and RaC 2 . 

In the sulj-optimal scries the maxhnmn relative dry weight yield was pro¬ 
duced by culture R 6 C 2 , in the optimal series by culture RsCj, and in the supra- 
optimal series by culture R 1 C 2 . 

It is thus evident that the fertilizer balance characterizing the cultures 
which produced high yields in all the series of the preceding groups and in 
the optimal scries of the present group is markedly different from that char¬ 
acterizing the high yielding cultures in either the sub-optimal or the supra^ 
optimal series of this group. This alteration of the salt balance characterizing 
high yields in the sub-optimal and supra-optimal series may be attributed 
directly to the difference in the total concentration of the solutions added to 
the cultures of the different .series to produce the required initial soil moisture. 
The solutions added to the cultures of the sub-optimal, optimal, and supra- 
optimal series had total osmotic concentration values of approximately 3.5 
1.75, and 1.31 atmospheres, respectively, but the total salts per culture as 
well as the total salts per unit volume of soil were equal throughout. That 
this difference in the fertilizer balance required for good growth is not due to 
the variations in the moisture-content of the cultures of the different series 
is clearly brought out by the fact that, as shown in table 1, the solutions added 
to the cultures of the series in groups I and n, as well as to those in the optimal 
series of group HI, all had approximately the same total osmotic concentration 
value (1.75 atm.), and that in the series in question, seven m all, no agnificant 
alteration in the salt balance characterrzing the cultures which produced high 
yields was observed with change from the highest to the lowest soil-moisture 
content. Pronounced drifting of the balance of salt proportions characteriziag 
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good growth in the soil here used occurred only with notable differences in 
the total concentrations of the solutions employed to produce the required 
initial soil-moisture, and such differences in total salt concentration existed 
only in the solutions added to the cultures of the sub-optimal and supra-optimal 
series of group HI, the triangular diagrams of which are shown in figure S. 
In this connection it has been pointed out by Gile (3), McCool (8, p. 113-170), 
Tottingham (11) Shive (9), McCall (7), Ayres (1), and others that the 
balance of salt proportions required for plant growth (good, medium, or poor) 
is not at all indq)endent of the total salt concentration of the medium in which 
the plants are rooted, a conclusion which is supported by the present work. 

The absolute average dry-weight yields from tbe series of group HI, as 
given in table S, are presented graphically in figure 6 in the same manner 
as were those from the series of the preceding groups. The graph of the 
optimal series again lies above that of the supra-optimal throughout but its 
lowest two values are slightly surpassed by the corresponding values of the 
sub-optimal graph. With the exception of the two yield-values just men¬ 
tioned, the cultures of the optimal series exhibit much higher average dry 
weights than do those of the other two scries. This relation is quite similar 
to that shown to exist between the corresponding series of the preceding groups. 

The maximum jdeld from the optimal series was 33 per cent higher than 
that from the sub-opthnal and 49 per cent above that of the supra-optimal. 
The average of the highest seven jdelds from the optimal series was 22 per 
cent and 45 per cent higher than the corresponding yields from the sub-optimal 
and supra^ptimal series, respectively. 

Thus in the present group, as in the preceding ones, the differences in yield 
resulting from differences of soil-moisture in corresponding cultures are even 
more pronounced than are differences in jdeld which may be attributed to 
variations in the proportions of the fertilizer constituents throughout each 
series. This emphasizes the point to which attention was given in the earlier 
publication (10) that in all soil or sand culture studies it is of primary im¬ 
portance to maintain the moisture-conditions of the substratum in which the 
plants are grown within very narrow variation limits where the influence of 
other factors under investigation, sudh as the kind, total concentration, and 
proportions of fertilizer constituents, is being measured by the growth rates 
of ^e plants. 

The graph of the sub-optimal series lies above that of the supra-optimal 
series throughout most of its length. Only three values of the former are 
surpassed by the correq>onding values of the latter. The relation between 
these two graphs is, therefore, the reverse of that exhibited by the graphs of 
the corresponding series in both groups I and n (figures 2 and 4). This 
reversed relation between the graphs in question indicates that, in pot-cultures 
such as were here used, with any given set of fertilizer constituents, the total 
salts per unit-volume of soil in which the plants are grown bear a more im¬ 
portant relation to the growth rates of the plants than do the total salts per 
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cultiire. Tlus appears from the fact that in the sub-optimal and supra-opthnal 
series of group I the total salts per culture were present in corresponding 
cultures in the ratio of 1:1, while in group II this ratio was 1.00:2.66, yet 
the relation between the graphs representing the two series in each group are 
quite similar as a comparison of the graphs in figures 2 and 4 will show. Nor 
did differences in the amounts of soil used per culture appear to have any 
influence upon this relation. On the other hand, the total salts per unit- 
volume of soil in corresponding cultures of the sub-optimal and supra-optimal 
series in both groups I and H were present in the ratio of 1.00:2.66, while in 
group ni this ratio was 1:1. Thus, with the change in the total salts per 
unit-volume of soil in corre^onding cultures, the relation between the graphs 
representing the two series suffered a complete reversal, as is shown by a 



Fro. 6. Avxkaoe Actual Ymins os Bucewebax Tors, for Low, Medidu, and Btob 
Son>Moi8XUKii (Sub-Ofiiual, Ophuax, ant) Sufra-Qpxoux Seruss, Resfecuvelv) 

OF XEDB Cultures of Grouf m 

comparison of the graphs in figure 6 with those in figures 2 and 4, while a like 
change in the total salts per culture had no apparent influence upon the 
relation between the graphs representing the two series. It is to be observed, 
of course, that any alteration in the ratio of total salts per unit-volume of soil 
in corresponding cultures of the different series above noted involved also a 
corresponding change in the total concentrations of the solutions with whidi 
the initial salt applications were supplied to the soil. 

A comparison of the three sets of graphs (figures 2, 4, and 6) representmg 
the average actual yields shows that the highest seven yields from the series 
in which the cultures had an approximately optimum soil-moisture, were 
alwa 3 rs greatly superior to the corresponding yidds from the series in which 
the (^tures had a soil-moisture content which was dther above or bdow that 
of the optimum, regardless of the different experimental conditions to which 
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the cultures were subjected. This relation was not altered by the use of larger 
or smaller amounts of soil per culture than that used for the cultures of the 
optimal series, by higher or lower total concentrations of the solutions added 
to the soil-cultures to create the required initial moisture-content, nor by 
higher or lower salt applications per culture or per unit-volume of soil. It is 
thus to be expected that any fertilizer mixture in which the salt proportions 
are properly balanced for the good growth of a given species in a given soil 
can not be most eflELciently utilized by the plants if the moisture-content of 
the substratum is either too high or too low, nor can fertilizer treatment 
alone entirely counteract the retarding influence upon plant growth of un¬ 
favorable moisture-conditions. The maximum plant-producing value of 
any fertilizer mixture can only be attained when the moisture-condition of 
the substratum is at the optimum for plant growth. 

From the experimental point of view, the importance of considering moisture 
relations in solid substrata in connection with plant-culture studies can not 
be too strongly emphasized. This applies as well to held studies dealing 
with the influence of soil treatment upon the growth rates of plants and 
upon crop production. The fact that soil-moisture in the field is quite variable 
and exceedingly difficult to control does not render it less important as a factor 
to be considered in the interpretation of experimental data. As Harris (4) 
has pointed out, soil-moisture has always been a troublesome factor in experi¬ 
ments with soils and crops and the effect of unavoidable differences in moisture- 
conditions frequently obscures the influence of soil treatment and renders 
entirely worthless data which have been obtained at the expense of much 
time and labor. 


STuuKany 

A study was made of the effect of different degrees of moisture upon phy¬ 
siological salt balance as this affected the growth of buckwheat plants in soil 
cultures. Three different degrees of soil-moisture were maintained: 30 
per cent, 60 per cent, and 80 per cent based on the maximum water-retaining 
capacity of the soil used. Tests were made with 21 different sets of salt pro¬ 
portions of the three salts KH 2 PO 4 , CaCNOa)^, and MgSOi supplied to the air- 
dry soil in the solution form. The solutions were added to the soil in the 
proper amounts to create the required initial soil-moisture. The noethods 
by which this was accompli^ed are described. Nine series, each comprising 
21 cultures, divided into three groups of three scries each were conducted 
smufltaneously and repeated. The cultures were weighed and the water 
loss by transpiration was restored daily throughout the growth period. A 
brief smnmary of the main results derived from the experimental data follows: 

1 . The balance of salt proportions which characterized the cultures produo- 
ing hi^ yields was not materially altered by variations in the degrees of 
sofl-moisture when the total osmotic concentration values of the solutions 
added to the soil cultures to produce the required initial soil-moisture were 
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3-pproximately constant. In general the salt proportions which produced 
high yields of tops with the lowest degree of soil-moisture gave high yields 
also with the medium and the highest degree of moisture in the respective 
series. 

2. Pronounced shifting of the balance of salt proportions characterizing 
the cultures which produced high 3 delds occurred only with marked variations 
in the total concentration of the solutions added to the soil. 

3. The yield-differences resulting from variations in the degrees of soil- 
moisture are quite as pronounced as are yield differences which may be attrib¬ 
uted to variations in the proportions of the fertilizer constituents with constant 
soil-moisture. 

4. The retarding influence of unfavorable soil-moisture conditions upon 
the rate of growth of the plants can not be counteracted by fertilizer treatment 
alone. High yields from cultures with medium soil-moisture (60 per cent on 
the basis of maximum waterholding capacity of the soil) were always greatly 
superior to the corresponding 3 n[elds from the cultures with either high or low 
soil-moisture regardless of experimental methods or conditions to which the 
cultures were subjected. 

5. The salts comprised in a fertilizer mixture can not be eflSiciently utilized 
by the plants under unfavorable moisture-conditions. The maximum plant- 
producing value of any fertilizer mixture can only be attained when the 
moisture-conditions of the substratum are at the optimum for plant growth. 
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ERRATA 

p, 28, lines 16-18 should read: 

Synthetic acid medium: 1000 cc. distilled water, 10 gm. dextrose, 5 gm. p^tone, 1 gm. 
KH2PO4, 0.5 gm. MgSOi, add acdd to adjust pH to 4.0, 25 gm. agar. 
p. 101, lines 11-12 should read: 

(10) Mellor, J. W. 1913 Higher Mathematics for Students of Chemistry and Physics. 
Longmans, New York, 

p, 132, line 23, the following table should be inserted: 


TABLE 4 

FUictmtion of niirogm in samples isolated in May, incubated in pots, and analysed after 

monthly intervals 


TIMR OV ANALYSTS 

XNCREASB IN NITROGEN CONXENT 

Light soil 

Cbitial N content was 36,1 mgm, 
per 100 gm.; 

Heavy soil 

(initial N content was 37.5 xngm. 
per 100 gm.) 


per cent 

per cent 

per cent 

per cent 

June. 

9.4 

5.8 

9.4 

7.7 

July. 

-4.1 


0.5 

-8.3 

August. 

-6.1 


3.5 

1.1 

September. 

6.9 

-1.1 

8.3 

4.8 

October. 

10.0 

10.2 

5.1 

6.9 


p, 217, footnote should read: 

»Paper No. 82 of the Journal Series, New Jersey Agricultural Experiment Stations, etc. 
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INTRODTJCnON 

The study of the actual amount of nitrogen which inoculated legumes take 
from the air has almost invariably led to Cerent results. These differences 
can be expected because of the variation in soil t 3 ^s and because of the nature 
of the different leguminous plants. A general discussion of the nitrogen sources 
of legumes is out of place here; the reader is referred to a report by Brown and 
Stallings (1). It may be pointed out, however, that according to the generally 
accepted statement, inoculated legumes increase the nitrogen supply of the 
soil. Accurate data supporting this statement and showing the amount of 
nitrogen which legumes add to the soil have been determined for certain soils 
and certain leguminous plants, but unfortunately little of this information has 
been obtained under field conditions. Because of the importance of combined 
nitrogen for soil fertility, it is desirable to measure carefully, under field condi¬ 
tions, the influence of legumes on the supply of nitrogenous compoimds in the 
soil. 


PROCEDURE AND RESULTS OP THIS STUDY 


In a former paper (2) some results of field tests with Alaska peas, inoculated 
and uninoculated, on poor Plainfield sand and on rich Carrington silt loam 
soil w(Jre described. It was noted here that inoculation brought about an 
incmase in the total yield of pea plants, in the yield of peas, and in the percent¬ 
age of nitrogen in the peas. 

In this j)apcr, the influence of nodule bacteria on the yield of canning peas, 
and on the amount of nitrogen taken from the air will be considered. In the 
spring of 1921 two different types of Miami silt loam soils were selected for 
study. They were both slightly acid and had not been planted to peas for 
several years. One of the soils had been cultivated for only three years, con¬ 
tained 0.228 per cent of total nitrogen and was in a good state of fertility. The 
other soil had been cropped in grain and com for the last five years and the 
total nitrogen in this soil was 0.180 per cent. Identical experiments, in so far 
as it was possible, were carried out on both of these soils. The plots were laid 


* Puhlibhcd with the permission of 
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out twelve feet wide on a uniform section of field and extended across the entire 
length of field. The peas were planted with a grain drill. The checks were 
planted first. All inoculations were made with pure cultures of bacteria, llie 
same variety of peas, Ilorsford, was grown on both soils and was planted at 
the rate of 4 bushels per acre. 

On May 25, about 30 days after the time of seeding, the plants were ex¬ 
amined, but no difference in the size of the plants from the different plots was 
evident. At this time the roots of the inoculated plants on both soil types had 
numerous nodules while the uninoculated showed only a few. The effect of 
inoculation was already noticeable in the darker green color of these plants. 

When the majority of the peas had reached the proper stage for canning, 
representative parts of the inoculated and uninoculated plots on the more 
fertile soil, ^of an acre each, were measured off. The plants were carefully 
harvested, counted, and weighed. These data as well as the nitrogen contents 
are given in table 1. Comparison of weights shows that in spite of the decrease* 
in the number of plants, there were more pounds of tops per acre on the inocu¬ 
lated than on the uninoculated plot. It is true that no gain in weight of pods 
and peas could be noted and yet, on analysis, a substantial inerpase in the 
percentage of nitrogen was seen. If calculated as pounds per acre, the increase 
in yield above that of the control amounts to 217.4 pound of dry tissue and a 
gain of 37.25 pound of nitrogen. Since some of the plants in the uninoculated 
plot became infected this difference in nitrogen between the inoculated and 
uninoculated is below the actual amount of nitrogen fixed from the air. 

When the peas were ready to can representative parts of the inoculated and 
uninoculated plots on the less fertile soil, u-J'j of an acre each, were measured off 
and the entire crop was harvested. The plants were dug up carefully; the 
roots and nodules were freed from the soil. Because of its open texture, the 
soil could be easily removed from the roots without a great loss of nodules. 
The nodules were picked from the roots and analyzed. TIio results of the 
analysis of the tops and roots, peas and hulls, and the nodules are given in 
table 2. 

Although not great, there was a well defined difference between the inoculated 
and uninoculated plants. The peas treated with nodule bacteria were some¬ 
what taller and of a darker green color. The total yield of peas was only 
about one-half that obtained from the more fertile soil. At best, the yield of 
peas on this soil was not more than hall of a normal crop. 

Here, as in the previous test, there are fewer plants on the inoculated 
section than on the uninoculated. The effect of bacteria on the yield and on 
the mtrogen content of the plants is resulily seen from the figures in this table. 
With the exception of the seed, there is a well defined gain in yidd of the 
inoculated plants as compared with the uninoculated. It is in the percentage 

* The decrease in munber of plants in the inoculated plots is no doubt due to the number 
of seed planted. Treatment of the pea seed with a water suspension of the nodule bacteria 
caused them to swell. Similar results were obtained in a second test. 
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of nitrogen in the different parts of the plant that the result of inoculation 
becomes most noticeable; there is a gain in the tops and roots, in the huUs, and 
also in the peas. Although almost without effect on the yield of crop, the 
nodule bacteria brought about a substantial increase in the percentage of 
nitrogen. 

For the each acre treated, the treated plants show a net gain of 179.0 pounds 
of tops and roots and 51.5 pounds of huUs. The gain in nitrogen of themocu- 
lated crop over that of the uninoculated crop was 13.2 pounds. 


TABLE t 

The yield and ainonni of nitrogen in canning peas grown with and without inoculation on 

Miami silt loam soil 


TREATICCKT 

NOMBCa 

OF 

i PLANTS 

TOTAL 

YIELD 

1 (DRY) 

DRY WEIGHT 

NITROGEN 

Tops 

Peas and 
pods 

Tops 

1 Peas and 
pods 

Inoculated. 

n 

■B 

gm, 

2055 

1858 

gm, 

1715 

1518 


percent 

3 67 
2.17 

percent 

4.42 

3.31 

Uninoculated. 


Gain due to inoculation. 

-136 

+197 

+197 



+1.11 



TABLE 2 

The yield and amount of nitrogen in inoculated and uninoculated canning peas on poor Miami 

sUt loam soil 


TREATMENT 

Ntnt- 

B2A0P 

PLANTS 

YIELD (DRY WEIGHT) 

NITROGEN 

Total 

Tops 

and 

roots 

Hulls 

Peas 

Nodules 

Tops 

and 

loots 

Hulls 

Peas 

Nodules 

Inoculated. 

Uninoculated. 

545 

572 

gm, 

1480 

1256 

gm, 

1162 

1000 

gm, 

210 

163 

gm, 

94 

93 

gm, 

14,0 

0.0 

percent 

1.97 

1.44 

percent 

2.34 

1.61 

percent 

4.46 

3.50 

Percent 

1 49 
0.0* 

Gain due to inocula¬ 
tion . 

-27 

■ 


+47 

+1 

+14.0 




+1.49 


* A few nodules present but not enough for analysis. 


This beneficial effect of inoculation on garden peas, which is noticeable not 
only in the total nitrogen but also in the yield, is probably much greater than 
the figures indicate. As is the case with nearly all field tests, the uninoculated 
plants were not entirely without nodules and accordingly were benefiting from 
the bacteria naturally present in the soil. 
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Variation in nodule formation among different varieties of soybeans has 
been reported from different parts of Wisconsin. In many cases a certain 
variety lias failed to show inoculation when treated with a culture of known 
origin, while among different varieties growing side by side one has been 
inoculated and the other has remained free or practically free from nodules. 
Similar ol)servations have been made in other parts of the United States. 

Vorhecs (2) of New Jersey found that in a mixture of Brown and Haberlandt grown on 
medium heavy clay loam soil the two varieties did not show the same nodule formation. 
^Vlthough their root systems were closely associated in the soil, only the Brown variety pro¬ 
duced nodules. JMorse (2), in discussmg Voorhecs* paper, reports that at the West Tennessee 
Experiment Station the Acme and Tokio varieties of soybeans failed to form nodules, while 
the Mammoth variety under the same conditions formed many nodules. Similar results 
were obtained the next year. 

Leonard (1), on the other hand, as a result of laboratory and green-house tests concluded 
that a culture of bacteria isolated from a single strain of soybeans will form nodules on other 
varieties. In his experiments the organism was isolated from the Medium Yellow variety of 
soyl)ean. Nineteen different varieties of soybeans were studied, including Amherst, Arling¬ 
ton, Barchet, Chomie, Chestnut, Cloud, Guelph, Haberlandt, Hope, Ho San, Jet Manhattan, 
Medium Yellow, Pekin, Taha, Virginia and Wilson. 

It seems from these reports that the ability to form nodules varies among 
the (lifferent kinds of soybeans. Apparently certain varieties are more easily 
inoculated than others. It is also true that the time of ripening of one variety 
may influence the infection and subsequent formation of nodules. For in¬ 
stance, an early and late variety may show differences in inoculation as a 
result of variation in plant food at different times of the year. Repeated 
investigations have proved that the formation of nodules is influenced to a 
considerable degree by the reaction and salt concentration of the soil water 
as well as by other factors. 

Because of the importance of soybeans in Wisconsin, it seemed of interest 
to measure under field and laboratory conditions the effect of different strains 
of soybean bacteria on the assimilation of nitrogen by different varieties of 

^ Published with the permiswon of the Director of the Wisconsin Agricultural Experiment 
Station. 


417 



418 


E. B. EKED AND O. C. BRYAN 


soybean plants and to contrast purc-culture inoculation with soil inoculation. 
The results of these studies are presented in this paper. 

Pure cultures of the different strains of bacteria were obtained from known 
varieties of soybeans, and their ability to cause inoculation was determined 
previous to those experiments. The soil used for inoculation was from a field 
on the Experiment Station Earm where well inoculated soybeans had been 
grown for several years. Although the records arc not available, it is highly 
probable that the varieties grown on this soil were Wisconsin Black and Ito 
San soybeans. 


GSEENHOtrSE TESTS 

Glazed earthenware pots were filled with pure white silica sand to which 
had been added an excess of CaCO^. These were sterilized and then planted 
in duplicate for each culture to Manchu, Mammoth Yellow, Wisconsin Black, 


TABLE 1 

Effect of different itrains of soybean bacteria on the nitrogen content of different varieties of 

soybeans, greenhouse test 


Mnxooia. CONZCMT OF TOPS, soon AND NODDLIS 



Manchu 

Mammoth 

YeUow 

Wtonsin 

BlftdL 

Medium 
Barly Green 

Not inoculated... 

percent 

1.85 

percent 

1.64 


percent 

1.42 

Mammotli yellow.... 

2.85 

3.13 


Medium yellow. 

3.02 

2.95 


Manchu. 

3.02 

3.02 

2 68 


Haberlandt... 

3.01 

2.85 

2 76 

2.93 

Soil from soybean field... 

2.37 

2.79 

2.45 

2.87 


and Medium Early Green soybeans, which had been treated immediately 
preceding planting with either the desired pure culture or with soil. For 
example, Manchu soybeans were inoculated with bacteria from Mammoth 
Yellow, Medium Ydlow, Haberlandt, and Manchu varieties of soybean. 
Nitrogen-free plant food was added at intervals in quantities sufficient for 
plant growth. 

WitWn three weeks after planting, a well defined contrast was noticeable 
in size and color of the inoculated and uninoculated plants. The rminoculated 
plants were smaller and at the end of five to six weeks decidedly yellow. At 
this stage the plants were washed from the sand and their appearance as to 
size, color, and inoculation was carefully noted. 

The combined tissue of the two parallel pots was used for analysis. Table 
1 gives the percentage of nitrogen in the dry soybean plants, tops, roots, and 
nodules. Under the conditions of this experiment all indications arc that 
pure cultures of bacteria from the nodules of Mammoth Yellow, Manchu, 
Haberlandt, or Medium Yellow soybeans may be used intcrdiangcably on 
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the different varieties of the soybeans and are almost equally effective in 
assimilating nitrogen. 

The same conclusions are to be drawn from the use of well inoculated soil 
as a source for soybean bacteria. The general appearance of the soil inocu¬ 
lated plants as to size and color of plants and number of nodules was equally 
as good as that of the plants inoculated with pure cultures, and on analysis 
the tissue showed a comparable percentage of nitrogen fixed. 


FIELD TESTS 

A plot of sandy soil on the farm of Mr. J. R. Williams at Montello was se¬ 
lected for this study. This soil had never grown soybeans. It had been 
cropped in com and grain for the last 6 or 8 years and was in rather poor 


TABLE 2 


Effect of different strains of soybean bacteria on the dry •tjcighi and percentage of nitrogen of 
different mrieties in soybean field test 


WEIGHT AhD NIIROGEX CONTThT OT DRY STALKS AND PODS 


SOURCL OP BACJCTRU 



Manchu 

Wisconsin BUck 

Ito 5an 

Black Eye-brow 


lbs. 

per cent 

/&?. 

per cent 

lbs. 

per cent 

lbs. 

percent 

Not inoculated. 


5 45 

613 0 


540 2 


824 7 

5 44 

Manchu. 

S73 3 

5,36 

949.0 

6 10 

637.2 


1217.2 

6,23 

Mammoth Yellow. 

641 7 

S 45 

826 Q 

6.45 

692.4 


1226 0 

6.45 

Ilaberlandt. 

793.8 

5.40 

959.2 

6.48 

597.6 

5.96 


6.61 


state of fertility. No fertilizer or manure was added. The reaction was 
medium acid. On May 25 the plots were laid out; each plot consisted of two 
30-inch rows twelve rods long, planted to soybeans with a small hand drill. 
All check jdots were planted first; Ito San, Manchu, Mammoth Yellow, Wis¬ 
consin Black, Black Eyebrow, and Hollybrook varieties of soybeans were 
used. Then quantities of each variety of seed sufficient to plant a single 
plot were inoculat ed with the Manchu strain of soybean bacteria. When these 
had been i)lanled the hopper of the planter was w^ashed with water and the 
operation rci)catcd for the seed which was inoculated with the Mammoth 
Yellow and the Ilaberlandt strain of bacteria respectively. On September 
27, one-thousandtli of an acre was harvested from each plot, bagged, and 
expressed to Madison. There were practically no nodules on any plants in 
tlie check plots, while all plants in the treated plots showed numerous nodules. 
The plants in the treated plots were in all cases larger and greener than those 
of the checks. 

The oven-dry weights of the pods and stalks together with the percentage 
of nitrogen are recorded in table 2. The Mammoth Yellow and Haberkndt 
varieties were too late in ripenmg to be of any value and were not analyzed. 

Tlie general appearances were about the same for all varieties of soybeans 
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regardless of the source of the culture of bacteria used to inoculate. Apparently 
one strain of bacteria was as efficient as another. The uninoculated soybeans 
produced a much smaller amount of dry seed and also a lower percentage of 
nitrogen. 

From the results of these laboratory and field studies, there is no evidrnce 
to conclude that the nodule bacteria of soybeans are highly specific, but on 
the contrary it was found that the bacteria of one variety will readily infect 
another. Variation in nodule formation as seen under field conditions must 
be due to some factor other than difference in bacteria. 

REFERENCES 

(1) Leonard, L, T. 1916. Variation in nodule formation. In Jour. Amer. Soc. Agron., 

V., 8, p. 116-118. 

(2) VooRHETS, J. II. 1915. Variations in soybean inoculation. In Jour. Amer. Soc. 

Agron., V. 7, p. 139-140. 



SULFUR AS AN IMPORTANT FERTILITY ELEMENT^ 
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Sulfur is one of the essential elements of plant growth. An element is 
essential either because it furnishes building material or performs some im¬ 
portant physiological function, or both. Sulfur is one of the elements of 
protein compounds and because of the intimate connection of these compounds 
with life processes it probably performs physiological functions in connection 
with the formation of compounds that do not contain sulfur. It follows there¬ 
fore that profitable crop production is not possible in the absence of an adequate 
supply of available sulfur any more than it is possible in the absence of an 
adequate supply of available nitrogen, phosphorus or potassium. 

The possibility of sulfur being a Hmiling clement in crop production has only lately been 
recognized. References to the literature may be found in papers by Lipman and McLean (4), 
hlcT^an (5), and Ames and Boltz (1). Delay of this recognition was due mainly to incorrect 
methods of analyses of sulfur both in crops and in the soil. Hilgard (3) gives the following 
averages for percentages of sulfur in soil: Humid region of the United States, 0.02, transition 
region, 0.008; arid region, 0.02. These figures of Hilgard are based on the old method for 
sulfur determination. Shedd (7) found an average of 0.02 per cent sulfur in eight Kentucky 
soils. Ames and JBoltz (1) foxmd that soils in Ohio averaged from 330 to 1112 pounds sulfur 
per acre surface soil six inches deep. Reimer and Tartar (.6) found 0.038,0.032,0.02,0.038, 
0.021, 0.027, 0.037, 0.028, 0.029, 0.015, 0.024 and 0.036 per cent of sulfur in Oregon soils. 
These percentages from the several states are not so widely different from the results obtained 
on Kansas soils. 

The differences in results obtained on soils by the older methods are not as great as those 
obtained on plant &ul>stancos. This is shown by the following comparison of analyses by 
Hart and Peterson (2) with the earlier analyses made by Wolff (10). 

The greatest error caused by the old methods of analysis was due to the 
fact that most of the sulfur was thought to be present in the leaves and stems of 
the plant which arc returned largely to the soil in one form or another, and a 
comparatively small amount in the seeds, the portion of the plant usually 
sold from the farm. The amount of sulfur removed from the soil by selling 
grain according to the old methods of analysis was so small that the loss was 
more than made up by the addition of sxdfur in rain. The recent methods of 

1 Contribution No. 99 from the Department of Chemistry of the Kansas State Agricultural 
Experiment Station. 

* A preliminary report of this investigation was read at the spring meeting of Americaai 
Chemical Society, St. T.nuis, 1920. Released for publication in Soil Science by courtesy of 
H. E. Ilowe, Editor of the Jotirml of Indmtrial and Engineering Chemistry, 
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analysis show that the total sulfur removed in grain is more than that present 
in the stalks of such crops as com and wheat. 

Another reason why the importance of sulfur as a possible limiting element 
of crop production was not earlier recognized is that sulfur is added to the soil 
in several of the carriers of the element present in commercial fertilizers. 
Ammonium sulfate, potassium sulfate and acid phosphate are well known 
examples of such carriers of sulfur. The calcium sulfate present in a ton of 
ordinary 16-per cent add phosphate contains about 200 pounds of sulfur. 
One hundred pounds of such add phosphate woxdd then contain approximately 
as much sulfur as is present in the grain and straw of a 50-bushel wheat crop. 
Add phosphate is one of the most important ingredients in commercial 
fertilizers. Ammonium sulfate and potassium sulfate are also important. 
Gypsum as land plaster has long been used as a soil amendment. It is thus 
easy to see that sulfur has been inddentally applied to worn soils in con¬ 
nection with the use of nitrogen, phosphorus and potassium. 

TABLE 1 


Sulfur content of common farm crops 


CROP 

srrLFTTR nrpLAMT 
(hart and pctlrson) 

SULPint IN PLANT 
(WOLKP) 

AU5i.1f5(. bay... 

percent 

0.287 

per cent 

0.170 

Red clover. 

0.164 

0.089 

Maize, grain. 

0.170 

0.004 

Maize, stover.. 

0.126 


Oats, grain. 

0.189 


Oats, straw. 

Timothy... 

0.195 

0.190 


Wheat, grain. 

0.170 


Wheat, straw. 

0.119 




In a previous investigation at the Kansas State Agricultural College (8) a study was made 
of the sulfur content of virgin soils in comparison with soils that had been cropped to grain. 
All the soils, with one exception, included in that study were from the eastern or humid part 
of the state and almost all were upland soils* 

With the exception of two pairs, the soils then studied were not from contiguous fields. 
The average sulfur content of the cropped fields, compared with the average sulfur content of 
the fields in virgin sod showed that the cropped soils had 40 per cent less sulfur than the soils 
in virgin sod. By the same comparison it was shown that the loss of carbon and nitrogen 
had been 38 per cent for each. The average difference in phosphorus content of the vir¬ 
gin soil compared with the cropped soil was within the experimental error of phosphorus 
determination consequently it could not be stated that there had been a loss of phosphorus. 

These facts warranted further investigation. In conducting the investiga¬ 
tion on the eflfect of alfalfa on the fertility elements of the soil in comparison 
with grain crops (9), soil samples were collected from 96 fields located in differ¬ 
ent parts of Kansas. These samples furnished excellent material for the 
further study of the sulfur problem. The plan followed in collecting these 
















STOFOR AS FEEXHirir ELEMENT 


423 


samples was to locate, in different parts of the state, alfalfa fields which had 
been in this aop for a long time, most of them from 20 to 30 years. Near these 
alfalfa fields were usually found soils of the same type which had been cropped 
to grain continuously since broken. As a rule this time was about 40 years. 
Near these fields cropped to grain or alfalfa, were nearly always found soils 
in virgin sod. In the central and western part of the state nearly all the fields 
(alfalfa, grain and sod) were on bottom land. The soil samples were taken in 
four strata: 0-7 inches, 7-20 inches, 20-40 inches, and 40-80 inches. For the 
work on sulfur only the surface soils were used. 

Sulfur was determined in these soil samples by two methods: The Osborne 
method using sodium peroxide to oxidize die sulfur; and by a method devised 
in this laboratory, substituting magnesium nitrate for sodium peroxide. The 
sodium peroxide method gives good results in the hands of an experienced 
analyst, but it has a number of disadvantages well known to all who have 
used the method. The use of magnesium nitrate instead of sodium peroxide 
has several distinct advantages. The method used as is follows: 

The magnesium nitrate solution is made by dissolving 320 gm. of calcined magnesia in 
nitric add. The magnesia must be in excess. Boil, filter and dilute to 2000 cc. Add 10 cc. 
of tills magnesium nitrate solution to 5-grn. poitions of soil contained in 75-cc. porcelain 
dishes. Mix soil and magnesium nitrate solution well; evaporate on electric hot plate. Ignite 
to red heat in electric mufile furnace; add enough water to moisten; loosen and pulveruse 
with pesUe without removing from porcelain dish; add 10 cc, of concentrated hydrochloric 
add and evaporate to dr 3 mcss on hot plate. Moisten with water; add 10 cc, of concentrated 
hydrochloric acid; heat to boiling; and filter and wash on a Hirsch-Buchner funnel, using 
medium suction, into 250 cc. beakers. Heat to the boiling point on the electric hot plate; 
add, drop by drop, 5 cc. of a 10-per cent solution of BaCl 2 ; digest 1-2 hours; allow to stand over 
night or an equivalent length of time; filter on tarred Gooch crudble; ignite and wdgh as 
usual. It is obvious that blank determinations must be made on all reagents used. 

One advantage of the magnesium nitrate method is that the phosphorus if 
wanted, can be determined on the filtrate from the sulfur determination. The 
method is to ncuLralizc wiUi ammonium hydroxide; addify with nitric add; 
evaporate lo about 25 cc.; add 5 to 10 gm. ammonium nitrate; raise the tem¬ 
perature to the desired degree and precipitate the phosphorus with the molyb¬ 
date solution. 

''Fhe average suKur content indicated by 96 determinations made by each of 
these methods was 0.03S per cent for the magnesium nitrate method and 0.0345 
per cent for the sodium peroxide method. This shows that the magnesium 
nitrate method was as reliable in the aggregate as the sodium peroxide method. 
It was noticed that the determinations with the magnesium nitrate method 
gave better duplicates in the hands of different analysts and this made it 
appear that individual results were therefore more reliable. For this reason 
the results obtained by the magnesium nitrate method are used in the tables 
of this report. 

The results of the analyses of the soils are foimd in table 2. Since these 
samples were taken from all parts of the slate, differing greatly in climatic 
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TABLE 2 

Analyses of soils 


SAinXK 

NO. 

COUNTY 

CROX* 

SULFUR 

NITROGEN 

CARBON 

pnos- 

PSORUS 

Humid section—Alfalfa 




Per cent 

percent 

percent 

percent 

1768 

Brown 

Alfalfa 28 years 

0.044 


2.28 

0.063 

1897 

Butler 

Alfalfa 12 years 

0.026 

0.161 

1.71 

0.038 

1900 

Chase 

Alfalfa 25 years 


0.201 

2.23 

0.039 

1874 

Dickinson 

AKalfa 20 years 

0.028 

0.168 

1.82 

0.048 

1877 

Dickinson 

Alfalfa 20 years 

0.026 

0.177 

2.00 

0.044 

1880 

Dickinson 

Alfalfa 25 years 

nnxjj 

0.201 

2.51 

0.091 

1882 

Dickinson 

Alfalfa 15 years 


0.1S7 

2.27 

0.052 

1890 

Harvey 

Alfalfa 11 years 

0.023 

0.161 

1.91 

0.041 

1893 

Harvey 

Alfalfa 14 years 

0.028 

0.200 

2.31 

0.043 

1316 

Leavenworth 

Alfalfa 8 years 

0.033 

0.163 

1.61 

0.043 

1365 

Nemaha 

Alfalfa 20 years 

0.030 

0.170 

1.69 

0.039 

Average. 

0.029 

0.179 

2.03 

0.049 


Hinpid section—^Virgin sod 


1770 

Brown 

Pasture, blue grass 

0.041 

0.228 

2.86 

0.061 

1898 

Butler 

Pasture, native 

0.030 

0.196 

2.35 

0.035 

1903 

Chase 

Meadow, blue stem 

0.034 

0.201 

2.48 

0.058 

1876 

Dickinson 

Meadow, blue stem 

0.026 

0.204 

2.46 

0.048 

1879 

Dickinson 

Native, blue stem 

0.038 

0.204 

2.63 

0.061 

1881 

Dickinson 

Native, blue stem 

0.035 

0.209 

3.03 

0.087 

1891 

Harvey 

Native, blue stem 

0.031 

0.189 

2.28 

0.056 

1894 

Harvey 

Native, pasture 

0.031 

0.222 

2.66 

0.045 

1319 

Leavenworth 

Native, blue stem 

0.047 

0.296 

3.76 

0,061 

1367 

Nemaha 

Native, pasture 

0.036 

0.181 

1.97 

0.038 

Average... 

0.035 

0.193 

2.65 

0.055 


Humid section—Cropped to grain 


1769 

Brown 

Grain, 50 years 

0.027 


1.94 

0.048 

1896 

Butler 

Com and wheat, 32 years 

0.024 

0.139 

1.54 


1901 

Chase 

Com and wheat, 40 years 

0.027 

0.133 

1.80 

mm 

1875 

Dickinson 

Small grain, 33 years 

0.030 


1.82 


1878 

Dickinson 

Wheat and oats, 40 years 

0.023 

0.163 

2.00 

0.048 

1883 

Dickinson 

Wheat and kaffir, 35 years 

0.028 

0.155 

2.06 

0.045 

1892 

Harvey 

Wheat and com, 25 years 

0.023 


1.12 

0.053 

1895 

Harvey 

Wheat and com, 43 years 

0.022 

0.124 

1.23 

0.036 

1317 

Leavenworth 

Grain, corn 40 years 

0.035 

0.174 

1.87 

0.048 

1766 

Nemaha 

Grain, 48 years 

0.024 : 


3.13 

0.040 

Average. 

0.026 

0.143 

1.65 

0.044 
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TABLE 2—Confuted 


samE 


NO. 


COUNTY 

CBOF 

SULTUK 

nurogen 

carbon 


EHOS- 

rBX}RUS 


Subhumid section—Alfalfa 


884 Barton 
771 MitcheU 
1774 Mitchell 
1779 Mitchell 
1783 Osborne 
1787 Osborne 


Alfalfa, IS years 
Alfalfa, 21 years 
Alfalfa, 21 years 
Alfalfa, 23 years 
Alfalfa, 20 years 
Alfalfa, 33 years 


percent 

0.031 

0.044 

0.076 

0.037 

0.041 



0.160 

0.184 


0.049 0.196 


1887 Pawnee Alfalfa, 28 years 0.035 0.221 


Average. 0.045 


percent 

percent 

1.91 

0.054 

2.42 

mm 

3.23 

ISi 

1.26 

WM 

2.30 

0.060 

2.22 

0.070 

2.56 

0.053 


0.066 


Sub-humid section—Virgin sod 


1885 

Barton 

1773 

Mitchell 

1776 

Mitchell 

1778 

Mitchell 

1780 

Mitchell 

1784 

Osborne 

1786 

Osborne 

1789 

Osborne 

1888 

1 

Pawnee 


Average 


Native grass 
Native pasture 
Native, grass 
Native grass 
Native, pasture 
Native, pasture 
Native, grass 
Native, timber 
Buffalo grass 



Sub-humid section—Cropped to gram 


1886 

Barton 

Wheat 

1772 

Mitchell 

Wheat 

1775 

Mitchell 

Wheat 

1777 

Mitchell 

Wheat 

1781 

Mitchell 

Wheat 

1782 

Osborne 

Wheat 

1785 

Osborne 

Wheat 

1788 

Oabomc 

Com, 

1789 

l>awnee 

Com 


Average 


and com, 30 years 0.022 

and corn, 30 years 0.040 

and com, 23 years 0.091 

and com, 30 years 0.033 

and com, 40 years 0.026 

and com, 40 years 0.037 

and com, 35 years 0.048 

40 years 0.049 

and kafir, 20 years 0.036 

. 0.042 


0.137 1.68 0.047 
0.180 2.18 0.072 
0.186 2.09 0.096 
0.129 1.42 0.065 
0.115 1.34 0.057 
0.134 1.66 0.067 
0.211 2.65 0.103 
0.143 1.77 0.080 
0.201 2.11 0.093 

0.160 1.88 0.076 


Semi-arid section—Alfalfa 


1299 

1303 

1304 
1306 
1310 
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TABLE 2~^ottcluded 


6A1CPXJ: 

NO. 

COUNTY 

CROP 

BOUCUR 

NITROGEN 

CARBON 

PHOS¬ 

PHORUS 



Semi-arid section—Alfalfa- 

-Continued 






p(r cent 

^ cent 

per cent 

percent 

1313 

Ford 

Alfalfa, 10 years 

0.027 

0.1S6 

3.66 

0.082 

1794 

Trego 

Alfalfa, 20 years 


0.131 

1.06 

0.072 

1798 

Gove 

Alfalfa, IS years 

0.036 

0.210 

2.23 

0.100 

1800 

Gove 

AlfaKa, 30 years 

0.034 

0.184 

1.90 

0.093 

1802 

Gove 

Alfalfa, 20 years 

0.030 

0.133 

1.44 

0.098 

1806 

Sheridan 

AKaKa,20 years 

0.033 

0.187 

1.83 

0.093 

1809 

Sheridan 

Alfalfa, 20 years 

0.027 

0.153 

1.63 

0.084 

1811 

Wallace 

Alfalfa, 25 years 

0.046 

0.182 

1.76 

0.099 

Averacre. 

0.037 

0.176 

1.91 

0.085 


Scnii-arid Section-Virgin sod 


1300 

Finney 

Buffalo grass 

l|||R V 

0.137 

1.94 

0.077 

1302 

Finney 

Buffalo grass 


0.135 

1.68 

0.082 

1308 

Finney 

Buffalo grass 


0.099 

0.89 

0.068 

1315 

Ford 

Buffalo grass 


0.152 

1.74 


1797 

Gove 

Buffalo grass 


0.154 

1.84 

0.084 

1799 

Gove 

Buffalo grass 


0.188 

2.16 

0.086 

1803 

Gove 

Buffalo grass 


0.116 

1.27 

0.080 

1807 

Sheridan 

Buffalo grass 


0.182 

2.27 

0.064 

1810 

Sheridan 

Buffalo grass 


0.157 

1.82 

0.098 

1812 

Wallace 

Buffalo grass 


0.151 

1.89 

0.080 

Averace. 

0.028 

0.149 

1.78 

0.080 


Scmi-arid section—Cropped to grain 


1301 

Fiimey 

Wlicat and Sudan grass, 20 

0.042 

0.134 

1.76 

0.070 



years 





1305 

Finney 

Wheat and grain, 27 years 

0.019 

0.079 


O.OS3 

1307 

Finney 

Wheat and grain, 27 years 

0.016 

0.097 



1312 

Ford 

Wheat and grain, 30 years 

0.031 

0.136 

1.82 

0.07S 

1314 

Ford 

Wheat and grain, 30 years 

0.021 

0.118 

1.48 

0,063 

1795 

Trego 

Wheat, unknown 

0.019 

0.160 

1.84 


1796 

Gove 

Wheat, 30 years 

0.019 

0.128 

1.35 


1801 

Gove 

Wheat and grain, 15 years 

0.025 

0.121 

1.21 

0,090 

1804 

Gove 

Wheat, 30 years 

0.033 

0.118 

1.31 

0.099 

1808 

Sheridan 

Wheat and grain, 20 years 

0.024 

0.118 

1.14 

0,082 

Average. 

0.025 

0.121 

1.39 

0.077 


conditions, it was thought best to group the results under three heads. Under 
the humid section are classed all soils taken where the average rainfall is 30 
inches or more; under the sub-humid section, those taken where the average 
rainfall is between 30 and 22 inches; and under the semi-arid section, those 
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taken where the average rainfall is less than 22 inches. The percentages of 
nitrogen, carbon and phosphorus are taken from the study last mentioned (9). 

The results on sulfur showed great variation in different groups but not 
more so than the results on nitrogen or phosphorus. It is only when the 
average for each group within the different sections are considered that any 
conclusions can be drawn. These averages were used to calculate the pounds 
per acre assuming two million pounds for the surface seven inches. The 
results obtained by this calculation are found in table 3. 

In examining the results of the sulfur determinations it was noticed that 
three soils from the semi-arid section had an abnormally high content of sulfur. 
Soil 1309 was 0.149 per cent sulfur. This sample was taken on bottom soil 
near the Arkansas river which had been flooded occasionally. Soil 1311 was 
0.065 per cent sulfur. This sample was taken on virgin sod near the railroad. 


TABLES 

Average plant food elements per acre in the surface soil 


SBCnOK 

CROP 

SULFOnt. 

KnaoQstT 

CARBON 

PHOSEHORUS 


Alfalfa. 

pounds 

580 

pounds 

3,580 

pounds 

40,600 

pounds 

980 

Humid. 

Virgin sod. 

Grain. 

700 

520 

3.860 

2.860 

53,000 

33,000 

1,100 

880 

f 

Alfalfa. 

900 

3,980 

45,400 

1,320 

Sub-humid ... .S 

Virgin sod. 

880 

4,180 

52,200 

1,500 

[ 

Grain. 

840 

3,200 

37,600 

1,520 

f 

Alfalfa. 

740 

3,520 

38,200 

1,700 

Semi^arid.^ 

Virgin sod.. 

560 

2,980 

2,420 

35,600 

27,800 

1,600 

1,540 


Grain. 

500 


Soil 1805 was 0.111 per cent sulfur. This sample was taken on bottom soil 
in virgin sod that received seepage water from surrounding higher land. These 
facts are mentioned to show that occasionally soils are found that have an 
abnormal amount of sulfur. The results from these three samples were not 
included in table 2. 

In the humid sections, soils in alfalfa had 120 pounds less sulfur per acre 
than soils in virgin sod, while the soils cropped to grain had 180 pounds less. 
There were, apparently, losses of 17 and 25 per cent respectively, of the original 
sulfur-content. 

In both the sub-humid and semi-arid sections, the soils cropped to alfalfa 
had more sulfur than the soils in virgin sod. The greatest difference was in 
the semi-arid section. This must mean that the deep-feeding alfalfa roots 
transferred large amotmts of sulfur from the subsoil to the surface soil. Most 
of the organic matter of alfalfa roots is found in the surface foot of the soil. 
A large amount of alfalfa leaves are annually dropped on the soil where they 
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decay. Accumulation of organic matter, rich in protein material would 
increase the sulfur content of the surface soil. The average sulfur content of 
the soil cropped to grain was less than the sulfur content of the soils in virgin 
soil, but the loss of sulfur due to grain-cropping was small in the sub-humid 
and semi-arid sections. 

In the humid section, the soils cropped to grain had 1000 pounds less nitro¬ 
gen per aae than the soils in virgin sod, or a loss of about 26 per cent. The 
loss of nitrogen parallelled the loss of sulfur. The soils in alfalfa Irad less 
nitrogen than the soils in virgin sod, but the difference was only 8 per cent. 

In the sub-humid section, the nitrogen content of the soils in alfalfa and the 
soils in virgin sod differed by only 200 pounds per acre, or only S per cent. 
Alfalfa, therefore, practically maintained the nitrogen content of the soU. 


TABLE 4 

Relaiive sulfur-eonlatt of crops and phosphorus hosed on aocrages of several Published 

analyses 


CROP 

AVBRAGB 
CROP VICLD 

SULIUR 

I^r CROP 

PHOSPHORUS 

IN CROPS 



percent 

pounds 

percent 

pounds 

Alfalfa hay. 

5,000 lbs. 

0.287 

14.25 

0.24 

12.00 

Coni) grain. 

20 bu. 

0.170 

1.90 

0.30 

3.36 

Cora, stover. 

200 lbs. 

0,126 

1.51 

0.20 

2.40 

Total com crop. 



3.41 


5.76 

Oats, grain. 

25 bu. 

0.189 

1.51 

0.35 

2.80 

Oats, straw. 

1,260 lbs. 

0.195 

2.44 

0.09 

1.13 

Total oats crop. 



3.95 


3.93 

Wheat, grain. 

15 bu. 

0.170 

1.53 

0.37 

3.33 

Wheat, straw. 

1,250 lbs. 

0.119 

1.79 

0.06 

0.75 

Total wheat crop. 


■i 


■1 

4.08 


The soils in virgin sod has 980 pounds more nitrogen than the soils cropped 
to grain, or a loss of 23 per cent. This loss was much greater than the loss 
of sulfur for this section. 

In the semi-arid section, tire soils in alfalfa had more nitrogen than the 
soils in virgin sod, which shows that the alfalfa has token enough nitrogen 
from the air not only to compensate for that removed in the hay, but to increase 
the nitrogen-content of the soil. These soils also increased in sulfur due, ap¬ 
parently to the transference of sulfur from the subsoil and the addition in 
rain. The soils cropped to grain had S60 pounds less nitrogen than the soils 
in virgin sod, a loss of 19 per cent while the sulfur loss was 11 per cent. 

In the central and western part of the state apparently, the additions and 
losses .of nitrogen compensated each other. In the eastern part of the state 
the losses were greater than the gains. 

The changes in carbon-content almost parallelled the changes in nitrogen. 
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Changes in the organic-content of the soil naturally cause changes in the sulfur- 
content as well as in the nitrogen-content. 

The soils in the humid and sub-humid sections contain a little over one and 
one-half times as much phosphorus as sulfur. In the semi-arid section, the 
phosphorus-content is nearly three times that of sulfur. 

Table 4 presents the relative content of common farm crops of phosphorus 
and sulfur. Com and wheat take more phosphorus from the soil than sulfur 
while oats take an equal amount of eadh element. Alfalfa requires more 
sulfur than phosphorus. Alfalfa removes more sulfur than any other crop. 
Table 3 shows that less sulfur has been lost from alfalfa fields than from those 
cropped to grain. This is explained by the transference of sulfur from the 
subsoil by the deep roots of alfalfa. Also the loss from leaching and washing 
is less in the field devoted to alfalfa. 

Assuming that the average amount of sulfur removed annually by such crops 
as com, wheat and oats is 3.5 pounds, the amount removed in 40 years would 
be 140 pounds. Table 3 shows that more than this amount has been lost 
from cultivated soils in eastern Kansas. This simply means that the sulfur 
added in rainfall is not sufficient to compensate for the amount of sulfur 
lost by leaching. 


CONCLUSION 

Wliether sulfur is now a limiting element in crop production on ELansas soils 
will have to be determined by fertilizer tests in which sulfur is one of the lead¬ 
ing elements. This study has shown that sulfur is decreasing in eastern 
Kansas soils and that this decrease is proportionate to the amount removed by 
crops. The amount added by rain is apparently not even sufficient to make 
good that lost by leaching. The loss of sulfur is greater than phosphorus and 
somewhat proportionate to the loss of nitrogen. These elements are known 
to limiting elements in crop production. If sulfur continues to be lost from 
the soil in greater amounts than it is supplied it is reasonable to conclude that 
it also will be a limiting factor in crop production if it is not one already. 

SUMMARY 

1. In this paper are presented the amounts of suHur found in 96 Kansas 
soils, some cropped to grain, some to aKaKa, and some in virgin sod. 

2. The use of magnesium nitrate instead of sodium peroxide for determining 
sulfur in soil is described. 

3. In the eastern or humid section of the state, the loss of sulfur in soils 
cropped to grain is proportionate to the loss in nitrogen. In the central and 
western parts of the state the loss is small, if any. 

4. The amount of sulfur removed from the soil is apparently not com¬ 
pensated for by the amount added in rain. If sulfur continues to be removed 
faster than it is supplied, the possibility of sulfur being, or becoming, a limiting 
factor in crop production is indicated by this study. 
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RELATION BETWEEN HEAT OF WETTING, MOISTURE 
EQUIVALENT AND UNFREE WATER 

GEORGE JOHN BOUYOUCOS 
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INTRODUCTION 

Water is one of the best indices of the ph57sical characteristics of soil. Tex¬ 
ture, structure, colloidal and organic contents, activation of surface, etc., 
lend to be revealed by the behavior of the soil toward water. Heat of wetting, 
moisture retentiveness, unfree water, etc., are mainly the resultant and ex¬ 
pression of these characteristics. 

The cjuestion of the relationship of these various soil-water manifestations 
to each other is obviously of much interest. K the relationship is of positive 
nature, then it is also of considerable practical importance, because in that 
case the simplest, most convenient and rapid method could be selected to 
obtain the other relationships and to make a comparative study of soils. 

With these objects in view a comparative study was made of the relation¬ 
ship that exists between a number of soil-water manifestations, but princi¬ 
pally those of heat of wetting, moisture-equivalent and unfree water. 

METHODS AND PROCEDURE 

The heat of wetting was determined according to the method described 
in a former publication (2). 

Tt consisted ol placing about 50 gm. of air-dry soil in a wide glass tube and allowing it to 
dry in an electrically heated oven at a temperature of 105®C. for about 24 hours. The tube 
wjis tlion taken out, closed with a rubber stopper and allowed to attain the room temperature. 
After the ejKict weight and temperature were ascertained, the soil was quickly and carefully 
l>oured into a calorimeter containing 100 gm. of water and the heat of wetting was ascertained. 
Kxtreme care was taken before mixing to have both the soil and water at exactly the same 
temperature and very nearly that of the room temperature. In order to be able to convert, 
if necessary, the rise of temperature into heat calorics, the water-equivalent of the calorimeter 
was determined. This was found to be 25 gm. of water. The specific heat of soils was about 
.200 for the mineral soils and about .300 for the organic soils. 

The unfree water was measured by means of the dilatometer method already described 
(1) with the modification of washing the soils free of soluble salts before their unfree water was 
measured. This was done in order to eliminate any effect of soluble salts on the unfree water. 
Two different moisture contents were employed for each soil, one was at about the optimum 
stage and the other at the proportion of 20 gm. of soil to 15 cc. of water. Before the final 
measurement was made, the soils were subjected to freezing and thawing once or twice. The 
soils were then placed at a temperature of — l.S®C. and allowed to come to equilibrium and 
the volume on tJic dilatometer stem recorded. They were then immersed at a temperature 
of about —12®C. for about fifteen minutes, and then returned to the original temperature. 
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After equilibrium was attained, the volume on the dilatometer stem was again read and from 
the two readings the unfree water could be calculated. The term unfree water is used in this 
paper to designate the soil water remaining unfrozen at the temperature of slightly below 
zero. All the water which freezes very readily at or very near zero is designated as free 
water. The free water is beyond the direct influences of the soil and freezes like water in 
mass, while the unfree water is under the direct influences of the soil and consequently is not 
at liberty to freeze as the free water. 

For the moisture-equivalent the Briggs-McLane apparatus was used. The machine was 
regulated to run at a speed of about 2450 revolutions per minute and was allowed to run for 
40 minutes. Thirty grams of the finer textured types of soil were used, 30 gm. of sand, and 
10 to 15 gm. of the peats and muck. 


RESULTS 

The experimental results obtained on the heat of wetting, unfree water 
and moisture equivalent on a number of different types of soils, and the re¬ 
lationship Uiat exists between these different soil-water manifestations, are 
shown in the adjoining table. 

There is a rather close relationship in the various soils between the unfree 
water and the heat of wetting. The ratio ranges only from 0,0408 in soil 
20 to 0.0675 in soil 1 with an average ratio of 0.05305 for all of the soils. 

It would appear that there is a tendency for soils with much organic matter 
to give a smaller ratio than soils with very little or no organic matter. But 
the organic matter content, cannot be entirely responsible for this difference 
because peat and muck which represent the extreme organic soils have a ratio 
as large as the mineral soils with no or very little organic matter. A more 
satisfactory explanation for the difference seems to be found in the hypothesis 
that among soils causing about the same amount of water to become unfree, 
some possess a more activated surface, which results in more heal of welling. 
Experimental results along this line will be presented in greater detail in a 
subsequent paper. 

Considering next the ratio of moisture-equivalent and heat of wetting it 
is seen that there is not a very close rclationshij) between these two factors 
in the various soils. The ratio ranges from 0,0953 in soil 20 to 0.3233 in soil 
S with an average ratio of 0.1685 for all of the soils. The ratio is quite close 
in many of the soils, but in others it varies considerably* 

It is not suprising that there is no closer relationship l)ctween the heat 
of wetting and moisture-equivalent, because besides the naturally different 
specific properties of the various soils which would affect these two factors 
differently, the moisture-equivalent method does not give a true and an exact 
equivalent of moisture for all soils. In very fine textured and colloidal soils 
which allow the water to get out only with much difficulty and especially 
when compacted by centrifuging, the moisture-equivalent is considerably 
greater than it should be in comparison with that in coarse textured and por¬ 
ous soils. In some of the day soils, for instance, the moisture-equivalent is 
as much as 25 per cent above what it should be. Results obtabed by the 
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freezing point method indicate that with some soils the moisture-equivalent 
obtained is true but with others it is too high. When the moisture-equivalent, 
therefore, is not absolutely true in all of the diflferent soils, its relationship 
with the heat of wetting would tend to vary accordingly. But even if the 
moisture-equivalent, were absolutely true in all the soils, probably its rela- 

TABLE 1 


Relationship betweefi heat of wetting^ nnfree water and moisture-equivalent 


SOIL 

NUMBER 

SOIL TYPE 

HEAT 

OF 

TVET- 

TINO 

UN- 

FREE 

WATER 

MOIST¬ 

URE 

EQUIV¬ 

ALENT 

U.W.* 

SiwT 

M.E.t 

SwT 

M.E.t 

U.W. 



"C. 

percent 

percent 




1 

Sand. 

0.2 


3.8 

0.0675 

H 

2.815 

2 

California Handford sandy loam. 


5.2 

15.0 

0.0650 

iH 

2.885 

3 

Ohio silt loam. 


4.6 

21.8 

0.06S7 

0.3114 

4.740 

4 

Ohio silt loam. 

0.7 

3.6 

21.3 

0.0437 

mUm 

5.917 

5 

Cornell silt loam. 

0.9 

S.25 

29.1 

0.0583 

0.3233 

5.541 

6 

I'cnnsylvania silt loam. 


Wsi 

28.9 


0.3211 

S.780 

7 

Pennsylvania silt loam. 

1.1 

HQ' 

29.2 


0.2655 


8 

Rhode Island sandy loam. 

1.1 


21.7 

0.0545 


3.617 

9 

hlichigan silt loam. 

1.65 

10.20 

25.5 

0.0618 

0.1546 


10 

Wisconsin Superior clay. 

1.95 


28.2 

0.0548 


2.635 

11 

California Capay clay. 

2.0 

11.1 

33.5 

0.0555 



12 

hlichigan clay loam. 

2.2 

13.6 


0.0618 


2.221 

13 

California Willows clay. 

2.2 

12.9 

32.2 

0.0586 


2.496 

14 

Minnesota Clyde silt loam. 

2.55 

11.0 

29.8 

0.0431 



15 

Minnesota black surf. 

2.85 

ESI 

36.S 

0.0491 


2.607 

16 

Illinois day loam. 

2.9 

15.2 

36.3 

0.0524 


2.338 

17 

Minnesota Fargo clay. 

3.0 

16.0 


0.0533 


2.438 

18 

Iowa Carrington clay loam. 

3.4 


36.5 

0.0472 


2.282 

19 

Illinois day loam. 

3.5 

14.3 

35.8 

0.0408 


2,504 

20 

Illinois black day loam. 

3.5 

14.7 

34.0 

0.0420 


2.313 

21 

California Merced clay. 

4.0 

17.8 


0.0445 


2.258 

22 

California Stockton clay adobe. 

4.1 

18.7 

4S.S 

0.0456 


2.647 

23 

Wisconsin black clay loam. 

4.9 

20.9 

46.7 

0.0426 


2.235 

24 

Muck. 


37.0 

95.5 

0.0462 

B 

2.581 

25 

Muck. 

12.6 

m 

147.0 

0.0532 

Hi 

2.194 


• Percentage of unfrec water divided by rise of temperature of 50 gm. of soil in 100 gm. of 


water. 

t Moisture-equivalent divided by rise of temperature of 50 gm. of soil in 100 gm. of water, 
t Moisture-equivalent divided by percentage of unfree water. 

tionship with the heat of wetting would not be exceedingly close in the various 
soils, because the two factors are affected differently by soil properties and 
conditions. 

It was originally thought that there might be a rather close relationship 
between the heat of wetting and moisture-equivalent since both factors were 
considered to be controlled principally by three properties, namely, texture, 
colloidal and organic matter content. It is evident from the experimental 
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results obtained, however, that there is at least one more property coming into 
play which affects the results appreciably, namely the activation or nature 
of the surface. 

The ratio between tlic unfree water and the moislurc-^quivalent shows 
that there is not a very close and consistent relationship between the two 
factors. The ratio ranges from 2.194 in soil 25 to 5.917 in soil 4 with an average 
ratio of 3.1456. 

Comparison of the three ratios with one another shows, also, that there is 
no very close and consistent parallelism or relation between any two ratios. 

SUMMARY 

In this paper arc presented the results of an investigation conducted to 
ascertain the relationships that exist betw^ecn heat of wetting, unfree water, 
and moisture-equivalent of soils. The experimental results show that there 
is a close and consistent relationship between the heat of wetting and the 
unfree water, but there appears to be no close and regular relationship between 
the heat of wetting and moisture-equivalent or between unfree water and 
moisture-equivalent. 

Evidences obtained go to indicate that the moisture-equivalent method 
does not give a true and absolutely equivalent moisture in all of the various 
soils. Some of the fine textured and colloidal soils contain considerably 
more moisture than their true moisture-equivalent. 
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In 1920 the Texas Agricultural Experiment Station conducted at Substation No. 5, Temple, 
Texas, preliminary experiments^ with sulfur to determine its value as a fertilizer for cotton 
and also to ascertain whether it would be possible to control or prevent the Texas root-rot 
of cotton, Phymatotrichum omnivoftm (Shear) Duggar by the use of sulfur. Add phos¬ 
phate alone and in combination with sulfur was included in part of this work, although, in 
previous experiments with fertilizers, phosphatic materials had never given large 
in yield. 

This preliminary work was conducted on Abilene day soil, which is generally considered 
as not needing lime or phosphorus. This soil has been cropped continuously to cotton for 
the last ten years. 

The plots were one-twentieth of an acre in size, with rows 36 inches apart. The fertilizer 
materials were applied in the drill on March 27, and the cotton was planted on April 10. 

Table 1 gives the plan of the experiment, and the yield of lint and seed cotton to the acre. 

It will be noted that sulfur applied at the rate of 1000 potmds to the acre made a much 
larger yield than any other treatment. Sulfur in combination with add phosphate produced 
larger yields than add phosphate alone. Sulfur, however, at the rate of 500 poun^ to the 
acre, on plot 4, produced a smaller yield than did any other treatment in the test. The 
average yield of the three plots which reedved sulfur was 374.74 pounds of lint cotton to the 
acre; of the plots which received sulfur and phosphorus, 359.08 pounds; of the pbt which 
reedved phosphorus alone, 259.76 pounds; and the average yidd of the soil checks was 
276.63 pounds to the acre. In general, sulfur increased the yidd, while add phosphate did 
not. 

The cotton on all plots made comparatively small vegetative growth, but the plants on 
plot 2 were, as on average, about 3 or 4 inches taller than the plants on any other plot in the 
experiment. Tlac average height of the plants on the plots which were treated with sulfur 
was 2-3 inches greater than the hdght of the plants on the plots which did not receive sulfur. 
The foliage on plot 2 was darker green than die foliage on the other plots. 

Texas root-rot* was present uniformly on all plots, and by actual count affected 90-95 per 
cent of Uic {dants. The plants on plot 2, however, were not affected so early as the plants 
on the other plots. This fact probably explains the great increase in yield of plot 2 over the 
yidds of the other plots. 

In 1920, in another experiment with sulfur as a fertilizer for cotton on a shallow phase of 
Houston clay soil on the farm of S. H. Cater near Substation No. 5, sulfur was applied alone 
at the rates of 100,300, and 600 pounds to the acre in the drill, on March 25, and the cotton 
was planted on April 8. The size of the plots was one-eighth of an acre. The results of this 
esperiment are given in table 2. 


1 Credit is due Mr. D. T. Rillough, Superintendent, for conducting the 3fidd work and col¬ 
lecting the yidd data reported in this paper. 

* The root-rot investigations are being conducted by Dr. J. J. Taubenhaus, Chief, Dividon 
of Plant Pathology and Physiology. The authors are indebted to him for the notes on root- 
rot rc][>ortcd in this paper. 


435 




436 


E. B. REYNOLDS AND A. H. lEIDIGH 


Table 2 shows that the yields of cotton increased with the amount of sulfur applied, al¬ 
though the increase in yield was not directly proportional to the increase in the amount of 
sulfur used. 

Apparently, sulfur had no effect on the root-rot for the disease was uniformly distributed 
on all the plots, irrespective of the treatments. Very little difference in growth of the cotton 
could be noted on the various plots. 

TABLE 1 


Tidd per acre of Uni and seed cotton on plots in experiment with sulfur and acid phosphate, 1920 


PLOT 

TKEATULMT 

■JnElD PER ACRE 

NUUBER 

Material 

Amount 

I 

Lint 

Seed 

cotton 

1 

’NTolhingf-rliort.. 

lbs. 

tbs. 

275.04 

tbs. 

720.00 

2 

Sulfur... 

1000 

527.35 

1380.50 

3 

Sulfur.. . 

500 


Acid phosphate . 

400 

368.63 

965.00 

4 

Sulfur.. . 

500 

234,93 

615.00 

5 

‘NTnfbingr-r'hnrlr ..... 

295.09 

772.50 

6 

Sulfur.. . 

50 


Acid phosphate.. . 

400 

349.53 

915.00 

7 

Acid phosphate.. ... 

400 

259.76 

680.00 

8 

Sulfur ... 

50 

361.94 

947.50 

9 

Nothing-check . . . 

259.76 

680.00 




Averaff e of chects. 

276.63 

724.16 






TABLE 2 

Yidd per acre of Uni and seed cotton in the sulfur fertilizer expermetU, 1920 


PLOT 

NUUBER 

TREATMENT 

lOELD PER ACRE 

Seed cotton 

Lint 



lbs. 

Ihs, 

1 

Nothing-check. 


187,43 

2 

100 pounds sulfur. 


229.76 

3 

300 pounds sulfur. 


238.83 

4 

600 pounds sulfur. 

■■ 

293.25 


The results in 1920, presented in tables 1 and 2, suggested that it would be 
advisable to establish a more comprehensive experiment with sulfur with the 
idea of securing additional information on its use as a fcrtilwcr and its effect 
on the soil, such as the lime requirement, hydrogen-ion concentration, and 
bacterial activities. 

Accordingly, an experiment was outlmed, which comprised applications of 
sulfur and lime, alone and in combination, in amounts varying from 500 pounds 
to 10,000 pounds to the acre. This work is conducted on Simmons clay and 
Abilene clay at Substation No. S, Temple, Texas. These soils are classified 
as high terrace soils by the Bureau of Soils, and are, as a rule, well supplied 



































SULIXTR AS FERTILIZER FOR COTTON 


437 


with lime and phosphorus. The hydrogen-ion concentration of the Abilene 
clay soil was pH 8.00 at the beginning of the experiment. 

Two series of 16 plots each are included in the experiment. Series 1 com¬ 
prises a three-year rotation of com, small grain (wheat or oats) followed by 
cowpeas as a catch crop, and cotton. Series 2 receives the same treatment as 
scries 1, but it includes continuous cotton instead of cotton in rotation. Series 
2 is conducted on soil which has grown cotton for the last eleven years. In 
series 1, the treatments are applied to the cotton only; thus each of the three 
acres in the rotation will receive sulfur only once in three years, while in series 
2 the land receives the treatments every year. The size of plots in the rota¬ 
tion, series 1, is one-twenty-second of an acre and in series 2, one-forty-fourth 
acre. 

Lime and the sulfur were applied broadcast on April 20, 1921 and the 
cotton was planted on May 4. Inoculated sulfur and pure hydrated lime 
were used in this experiment. 

TABLE 3 


Germinaiion of cotton planted in soil treated with sidfur, and hydrogeivdon concentration of the 

soil on April i, 1921 


NimUf R 

SlTLrtJR APPimD TCR ACRE 

GERMIN AXIOM 

REACTIOM 
APRIL 1 

First 

Second 

Third 



per cent 



PB 

1 

Nothing-check. 

76 



7.00 

2 

500 pounds. 

84 

A few 



3 

1000 pounds. 

82 

A few 

None 


4 

2500 pounds. 

66 

None 

None 

2.20 

5 

5000 pounds. 

70 

None 

None 

2.20 

6 

10000 pounds. 

76 j 

None 

None 

2.20 


In outlining this experiment it was thought that the heavy applications of 
sulfur would retard and perhaps prevent the normal development of the cotton 
plant in the field, which condition, in this case, was desired. 

In order to obtain some information on this point some tentative tests were made in the 
laboratory. In these tests sulfur was applied at the rates of 500,1000,2500,5000, and 10000 
pounds to Uic acre on sandy loam soil, in wooden germinating boxes, on February 19. The 
ix)xcs were 18 hiclics long, 8 inches wide, and 4 inches deep. The results of this test are pre¬ 
sented in table 3. 

Germination was normal in aU boxes in the first planting. Cotton seeds were planted 
again in the same boxes on March 14, 1921. The seeds m box 1, check, ge rminat ed nor¬ 
mally by March 19 and a few seeds germinated in boxes 2 and 3. There was no ger m inati o n 
in the other boxes. The germination test was repeated again on March 23 and the seeds 
on the check germinated in a normal manner while no germination occurred in the other 
boxes. These results are in accord with those of Shedd (3). 

The hydrogen-ion concentration of the soil with the three heaviest applications in the 
boxes was deteimined tentatively on April 1,1921 by the method suggested by Wheny (4)* 
The results of this determination arc shown in the last column of table 3. It should be kept 
in mind that the soil used m this laboratory test was entirdy different from the soil on which 
the field experiment was conducted. 
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UDfortunately the laboratory work planned in connection with the field 
work could not be carried out, and the yield data are presented for what they 
may be worth. 

The amounts of lime and sulfur applied to the acre and the yields of both 
series of plots are given in table 4. 

It will be noted from table 4 that tlic highest yield of both lint and seed 
cotton in the rotation, series 1, resulted from the application of 5000 pounds of 
lime. The lowest yield in series 1 was obtained from the plot which received 

TABLE 4 


Yidds per acre of lint and seed cotton in experiment with lime and sulfur, 1921 




ROOT-ROT 

SEED COTTON 

LINT 

PLOT 

KX7MBCR 

TKEAXUEMT 

Series 1 
(Rotated) 

Series 2 
(Not rotated) 

Series 1 
(Rotated) 

Series 2 

CNTot rotated) 

Series 1 
(Rotated) 

Series 2 
(Not rotated) 

1 

Nothing-check.*. 

percent 

10 

per cent 

8 

lbs. 

858,00 

HI 


h| 

2 

500 pounds lime. 

6 

10 

864.00 

B!|W 

mmm 


3 

500 pounds sulfur. 

2 

12 

800.00 

MW 

271.47 

187.37 

4 

500 pounds lime and 500 pounds sulfur. 

4 

25 

880.00 

JyW 

209.59 

143.02 

5 

2500 pounds lime. 

3 

35 

887.50 

MW 


136.62 

6 

Nothing-check. 

2 

50 

880.00 


300.04 

129.03 

7 

2500 poimds sulfur. 

4 

95 




9.48 

8 

2500 poimds lime and 2500 pounds sul¬ 
fur... 

3 

92 

H 

24.05 

262.92 

8.29 

9 

5000 pounds lime. 

0 

86 

MW 

108.62 

306.68 

37.47 

10 

5000 pounds sulfur. 

1 

78 

MW 


239.79 

37.71 

11 

Nothing-check. 

5 

70.5 

MW 


254.38 


12 

5000 pounds lime and 5000 pounds sul¬ 
fur. 

4 

45 

H 

275.00 

229.24 

92.73 

13 

10000 pounds lime. 

T 

18 

814.00 

306.00 

277.38 

132.58 

14 

10000 pounds sulfur. 

T 

8,5 



217.50 

133,53 

JS 

10000 pounds lime and 10000 pounds 
sulfur. 

T 

5 

HI 

484.00 


162.23 

16 

Nothing-check. 

5 

4 


504.00 

232,01 

108.52 

Average of checks.. 



792.00 

511.50 

269,46 

173.91 


the largest amount of sulfur, 10,000 pounds. In every case, with one exception, 
the plots which reedved sulfur alone produced smaller yields than did the 
corresponding plots which received both lime and sulfur in equal quantities. 

This is probably due to the fact that the acidity which was formed by the 
oxidation of sulfur was injurious to the cotton plant, and consequently re¬ 
duced the yield. The lime which was applied with the sulfur neutralized 
some of the add which developed, and as a result, unproved the soil conditions, 
which resulted in an increase in 3 deld as compared with the corresponding plots 
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which received sulfur alone. Lipman, Prince, and Blair (2) found that ap¬ 
plications of 1000, 2000 and 4000 pounds of sulfur made sharp increases in the 
hydrogen-ion concentration and lime requirement of the soil after the sulfur 
had been in the soil about six weeks. In our experiment it seems quite probable 
that similar increases in the hydrogen-ion concentration and lime requirement 
occurred, and that the lime which was present in the soil neutralized part of 
the acidity and consequently increased the yields as mentioned above. 

Quite different results were secured with the non-rotated cotton, series 2. 
There is apparently no correlation between the yield of cotton and the quanti¬ 
ties of lime and sulfur applied. This result is due, partially at least, to the 
irregular distribution of root-rot on this series. If the percentages of root-rot 
on series 1 and series 2 are compared, it seems that the irregular distribution 
of root-rot overshadowed the influence of the fertilizer treatments on series 2. 
Previous experiments (1, p. 12-13) with rotations and continuous culture of 
cotton at Substation No. S show that the root-rot of cotton may be controlled 
to a great extent by the proper use of rotations and cultural methods. 

While the tests in the laboratory showed that the heavy applications of 
sulfur formed enough acid to prevent germination and growth, no apparent 
injury resulted from the heavy applications in the field. The soil on the plots, 
as stated previously, is fairly well supplied with lime, having a pH value of 
8.00 at the beginning of the experiment. The foliage on the plots which re¬ 
ceived 5000 and 10000 pounds of sulfur alone was lighter green in color than 
the foliage on the other plots. 

Shedd (3) found that 5000 to 7000 pounds of sulfur to the acre killed cabbage, mustard, and 
radishes, but the soil he used was slightly add. 

Lipman, Prince, and Blair (2) applied sulfur to the soil at the rates of 200,500, 1000, 2000 
and 4000 pounds to the acre to barley and soybeans (as a residual crop after the barley). 
The barley germinated fairly well on all the plots, but there was evidence of injury with 1000 
pounds of sulfur. Practically all of the plants on the plots that received 4000 pounds had 
been killed before harvest. One thousand pounds of sulfur depressed the germination of 
soy beans, and there were very few plants on the pbts that received 2000 and 4000 pounds of 
sulfur. 


SUMMARY 

In 1920 cotton was grown on plots to which sulfur was applied at the rates of 
50, 500, and 1000 pounds to the acre. Acid phosphate was also applied alone 
and in combination with sulfur at the rates of 400 pounds to the acre. 

In general, sulfur increased the yield of cotton. The average yield of the 
three plots which received sulfur alone was 374.74 pounds lint cotton to the 
acre; of the plots which received add phosphate and sulfur, 359.08 pounds; of 
the plot which received add phosphate alone, 259.76 pounds; while the aver¬ 
age yield of the soil checks was 276.63 pounds to the acre. The cotton on 
the plot which received 1000 pounds sulfur made a larger vegetative growth 
and had darker green leaves than the cotton on the other plots. 
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Another experiment was conducted in 1920 in which sulfur was applied to 
the soil at the rates of 100, 300, and 600 pounds to the acre. The yields of 
cotton increased with the increase in the amount of sulfur applied. 

The field work in 1921 included applications of sulfur and lime, alone and in 
combination, in amounts varying from 500 to 10,000 pounds to the acre. In 
this experiment the largest yield of cotton resulted from the plot which received 
5000 pounds of lime. Apparently the sulfur alone liad a tendency to depress 
the 3 deld. Where lime was applied witli the sulfur, in the rotated scries, the 
yield of cotton was larger than the yields of the plots whidi received correspond¬ 
ing amounts of sulfur. Apparently lime mitigated the injurious effect of the 
heavy applications of sulfur by neutralizing the acid formed by the oxidation 
of the sulfur. 

In these experiments sulfur has neither prevented nor controlled the de¬ 
velopment of root-rot of cotton. 

This work with some modification is being continued. 

REFERENCES 

(1) Killougu, D. T. 1917 Progress report, Substation No, 5, Temple, Texas, 1910-1914. 

Tex. Agr. Exp. Sla. Bui. 215. 

(2) Ln?MAN,]. O.jpRiNCE, A.L., anuBiaie, A. W. 1921 The influence of varying amounts 

of sulfur in the soil, on crop yields, hydrogen-ion concentration, lime requirement 
and nitrate formation. In Soil Sci., v. 12, no. 3, p. 197-207. 

(3) Shedd, 0. M. 1914 The relation of sulfur to soil fertility*. Ky. Agr. Exp. Sta. Bui. 

188. 

(4) Wherry, E, T. 1920 Determining soil acidity and alkalinity by indicators in the field. 

In Jour. Wash. Acad. Sci., v, 10, p. 217. 
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INTRODUCTION 

The question as to the exact manner in which soil colloids retain plant food, 
whether by chemical reaction or by physical adsorption, is one that has never 
been settled. 

Biederman (1) was one of the first to emphaize the importance of absorption by soils. He 
felt that the ability of the soil to take up soluble fertilizers and then give them back to the 
soil was of great significance to practical agriculture as well as extremely interesting from a 
philosophical point of view. One question he raised was **In what form do plants obtain 
their nourishment from the soil? ** 

Salomon (7) determined the adsorption of calcium by various soils and soil constituents 
and among the latter was hydrated silicic acid. He added enough ammonia to neutralize the 
nitric add of the calcium nitrate. Under these conditions he found that the adsorption of the 
caldum by the hydrated silicic add increased with the concentration of the caldum nitrate. 

Frey (2) pointed out that it is very probable that the absorptive power of soil is propor¬ 
tional to the silicate bases such as alumina, ferric oxide, etc. He worked to a large extent 
with soils as a whole and hence his problem became very complex. 

Van Bcmmdcn (8) stated that the soil contains colloids such as iron oxide, silidc acid and 
humus. He believed that these colloids absorbed some of the salts from solution, but how 
this was accomplished he was uncertain. 

Some more recent workers (6) have diown more plainly that there are definite soil colloids 
and have succeeded in mechanically separating a large part of the colloidal material from soils. 
The composition of these colloids vary with different soils. 

Tn most of the work thus far done on soil colloids, the systems with which investigators 
have worked have been so complex that it has not been possible to say whether one had 
physical absorption or chemical combination. A preliminary paper by Gordon and Starkey 
(4) contrasts the different soil colloids in their power of absorbing salts and in making them 
available for plant food. The purpose of the present invesitgation was to further study 
absori)tion by silica in order to find what power colloidal silica had of holding the salts com- 
moxily used in plant nutrition work. Determinations were made for the adsorption of both 
negative and positive ions to find out Just how much, if any, splitting of the molecule occurred 
during adsorption. 

MATERIAL 

Since the authors believed that the soil colloids at times existed as a hydrogel 
and at other times as a hydrosol (3), it was decided to try the adsorption of 
the salts by both the hydrogel and hydrosol of silica. 

Silica gel was bought of the Davison Chemical Company, and was washed 
with distilled water until the wash water gave no test for sulfates. When the 
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washing was finished and the hydrogel drained, it contained 25~3S per cent 
water. The exact water-content was determined on each portion used. The 
hydrosol was made in the usual way by treating sodium silicate with dilute 
hydrochloric acid and dialyzing until free from electrolytes. In this way a 
very stable hydrosol was obtained. 

The salts used in the work were potassium nitrate, potassium sulfate, potas¬ 
sium add sulfate and the calcium and magnesium salts of the same acids. 
These salts were recommended by the National Research Council and put out 
by J. T. Baker and Company. 

EXPERIMENTAL WORK 

One-gram portions of the hydrogel were weighed into sixty glass stoppered 
bottles of about 400-cc. capadty. While the hydrogel was being weighed into 
bottles, a sample of it was taken for moisture determination. Two 100-cc. 
portions of the solutions of the salts to be tested were added to the bottles 
containing the gel and the bottles were sealed and shaken until equilibrium was 
established. 

Li the analytical work the greatest precautions were taken to insure the 
most accurate and comparable results. A brief outline of the analytical work 
is given. 

A portion of the solution which was to be analyzed for nitrogen was measured with a 
pipette into a flask. Five grains of iron, 200 cc. of water and 10 cc. of concentrated 
sulfuric add were added to the flask, and the mixture careftilly heated for thirty minutes. 
It was then cooled and the nitrogen distilled over as in the Kjcldahl method. 

Sulfur was determined in the usual way: that is, by predpitating as barium sulphate, 
igniting and weighing. 

Phosphorus was determined by the volumetric method as adopted by the Assodation of 
OlTicial Agricultural Chemists. 

Potassium was determined by the method of the Association of Official Agricultural 
Chemists. 

Caldum was predpitated as calcium oxalate. After washing the precipitate it was dis¬ 
solved in sulfuric add and titrated agdnst potasMum permanganate in the usual way. One 
cubic centimeter of the potassium permanganate solution equalled 0.0001 gm. caldum. 

Magnesium was determined by predpitating it as magnesium ammonium phosx)hate, 
washing the precipitate carefully with dlLuto ammonium hydroxide solution, drying it on 
the filter paper at (>0®C., dissolving it in a known amount of standard add and titrating back 
with standard alkali* One cubic centimeter of the standard add was equal to 0.0001 gm. 
magnesium. All determinations were run in duplicate and each result reported is the average 
of the two. 

EXPERIMENTAL RESULTS 

Table 1 shows the data obtained in testing the adsorption of the hydrogel 
from solutions of potassium, calcium and magnesium nitrate and potassium, 
caldum and magnesium sulfate. 

The table shows some results that were antidpated as well as some that 
were not* One would expect positive adsorption in wet gel. Columns 5 and 
10 show such results. In the dry gels there was negative adsorption except in 
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tihe case of magnesium and the sulfate of potassium. The negative adsorption 
might indicate one of three things: (a) that all the water of hydration did not 
act as a diluent; (6) that the water was more strongly adsorbed than the salt, 
or (c) that we have fine capillaries with which to deal, and, if so, according to 
Mathicu (5) the solution would be more concentrated due to the solution in 
the capillaries being less concentrated. The ions of the respective salts are 
absorbed in practically eqxiivalent quantities with the exception of potassium 
sulfate. 

In table 2 the results are given where add phosphate solutions of caldum, 
magnesium and potassium of varying concentrations are used with the hydro¬ 
gel of silica. The columns are arranged similarly to those in table 1. 

In table 2 as in table 1 we find positive adsorption with the wet gel, but with 
the gel when the water of hydration is fiigured as water of dilution the phos¬ 
phates act somewhat in contrast to the nitrates and sulfates. In general the 
cation is negatively absorbed, while the anion is positively absorbed. This 
would seem to point to a splitting of the molecule were it not for the fact that 
we are dealing with a fraction of a milligram. The higher concentrations of 
calcium add phosphate give negative adsorption for both ions. This may 
have been caused by a sUgbt predpitation as a saturated solution was used. 

Tabic 3 gives us the results obtained when the phosphates of caldum, mag¬ 
nesium and potassium were used with the hydrosol of silica. This hydrosol 
contained 3.1 per cent of silica. The columns are arranged similarly to those 
in the preceding tables. 

Column 6 shows that the metals are always negatively adsorbed except in 
one case, and in general the negative adsorption is quite great. The phosphat 
ion, too, is negatively adsorbed in all but two cases, but the negative adsorp¬ 
tion is not so great as that of the positive ion. This would indicate the same 
tendency in the splitting of the molecule as in the case of the hydrogel. 

The tendency by which phosphates are held by the hydrogel is also interest¬ 
ing. Two samples of the hydrogel were shaken with 0.05 N solutions of 
potassium acid phosphate and caldum add phosphate, respectively. All the 
solution was then drained from the gel which was placed on a filter and washed 
repeatedly with distilled water. The water was poured on the gel in 50-cc. 
portions and the gel allowed to drain thoroughly after each addition. Fifty- 
cubic centimeter portions of the washings were analyzed for phosphorus at 
intervals. Restilts are given in table 4. 

It will be seen from table 4 that the salt that was hdd by the silica was re¬ 
markably resistant to washing. Also, that the portion of water obtained by 
washing after the gel stood overnight in a moist condition on the filter is much 
richer in phosphorus than washings obtained from the gel which stood for 
only a few minutes in a moist condition. A sample of the hydrogel which 
had been shaken with magnesium add phosphate solution was washed six 
times a day for thirty days with SO-cc. portions of distilled water and at the 
end of that time still contained phosphate. The sample of hydrogel, washed 
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as described above, was placed in a funnel of such size that the SO-cc. portion of 
wash water covered it about 2 cm. deep. It is evident that a very great amount 
of rainfall would be necessary to duplicate the amount of washing given this 
sample, and that it would take a very great time for ordinary rainfall to wash 
the sample free from the salt. 


TABLE 4 

Phosphates f(rmi in 50-cc, portions of wash tt'o/er 



FOi LEACHTO TSLGtl 1 GU. GEL. 

Caldujn add phos¬ 
phate solution 

Potassdum add 
I^sphate solution 


rngm. 

fagm. 

First washing. 

4.15 

4.74 

Eleventh washing. 

0.10 

0 14 

Twenty first washing. 

0.07 

0.13 

Thirty first washing. 

0 06 

0.12 

Forty first washing. 

0 06 

0.12 

Forty second washing after standing over night. 

1.31 

0.54 


MSCniSSION 

In reviewing the tables it must be remembered that we are dealing with milli¬ 
grams in our work, and since tire adsorptions are in general small and sometimes 
only .01 mgm., a slight error would change the order of the adsorption. On 
the other hand, tire results seem to point to the fact that the metals and also 
the nitrates and sulfate radicals have a tendenqr to be negatively adsorbed, 
or not adsorbed at all by colloidal silica, while the phosphate radical tends to 
suffer a slight positive adsorption in the case of the hydrogel. 

SUMUABY 

1. The metals arc, in general, negatively adsorbed by both the hydrogel and 
tire hydrosol. 

2. The nitrate and sulfate radicals of calcium, magnesium and potassium 
suffer, in general, a slight negative adsorption. 

3. The plrosphato radical was positively adsorbed by the hydrogel and 
negatively adsorljed by the hydrosol. 

4. In the case of the hydrogel, the phosphate radical was adsorbed to a 
greater degree than the radical with which it was associated. 

5. A phosphate adsorbed in the hydrogel can be washed only with extreme 
difficulty. 
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INFLUENCE OF HYDROGEN-ION CONCENTRATION ON THE 
ADSORPTION OF PLANT FOOD BY SOIL COLLOIDS 

E. B. STARKEY and NEIL E. GORDON 
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Received for pablication 13, 1922 
INTRODUCTION 

All know, according to Faraday’s researches, that charges accumulate at 
llie surface and, hence, at a boundary between two liquids, two solids, or liquid 
and solid, and that even between a gas and liquid we have a seat of electrical 
energy. Some believe that this seat has an electronic origin, while others 
believe that it is due to the Helmholtz’s “ double layer. ” In view of the latter, 
llie charge on the surface of a solid or liquid would imply the existence of an 
equal and opposite charge on the other side of the interface, for a charge of a 
particular sign cannot exist without one of opposite sign in its proximity. 

Perrin (6) has shown beyond the shadow of a doubt that the electrical charge on surfaces 
is in rcalily diminished, neutralized, or even reversed by ions of opposite charge. Adds and 
alakalies are veiy active in this power of conferring the electrical charges on surfaces. This 
is attributed to the fact that the H and OH ions are more readily absorbed than other ions, 
and, hence, the charge on an absorbent would depend on which of these ions is in excess. 

Knud Estrup (4) has done some work along the line just mentioned. He showed that both 
the cation and anion were absorbed by charcoal in equivalent quantities when he worked with 
neutral salt solutions, and when the ions were not absorbed in equivalent quantities he 
atlril)uted the difference to the presence of impurities in the form of adds and bases. In 
other work (3) with blood charcoal Estrup finds that the negative ion is positively absorbed in 
acid solutions, but on addition of a base the absorption of the negative ion disappears, giving 
place to the absoq)tion of the positive ion. 

ft lias been further shown that electrical charges tend to reduce surface tension. V. Bou- 
mat (1) finds that acids decrease surface tension and ascribes the fact to the accumulation of 
I Mons in the surface layer. 

From the point of energetics, the following view of electrical adsorption has 
been formulated: Any process that will reduce the electrical energy at a surface 
will tend to take place, hence, in the case of a negatively charged surface, we 
will have positive charges collecting upon it in order to aimul its charge, and 
vice versa. These bodies may be ions or colloidal aggregates. 

A great many more or less obscure phenomena in the field of soil chemistry 
as well as in many other fields have been attributed to adsorption where it was 
not known whether they had physical adsorption, chemical reaction or an 
adsorption phenomena which might be attributed to charged aggregates where 
the adsorbing aggregate had a sign opposite to that of adsorbed substance. 
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Since it was known that OH and H ions were the most strongly adsorbed 
ions, and their adsorption should help to determine the charge on the colloid, 
it became of interest to determine the adsorption by single soil colloids under 
varying hydrogen-ion concentrations. It was hoped that such work might 
throw some definite light on how acidity or alkalinity of soil cifccls adsorption 
of plant foods, and also the availability of soil salts. A few of the results have 
already been published in a preliminary paper by Gordon and Starkey (5). 

MATERIAL 

The salts used were those prepared by the J. T. Baker Company and recom¬ 
mended by the National Research Council. They were the acid phosphates, 
sulfates and nitrates of potassium and calcium. 

The hydrogels used were the hydrogels of silica and iron. The hydrogel of 
silica was obtained from the Davison Chemical Company. Tins hydrogel 
was washed free from aU impurities before being used. The hydrogel of iron 
was prepared in our laboratory by predpitation from ferric chloride solution 
with ammonium hydrondc and washed free of ammonia and chlorides. 

The apparatus used for determining the pH values of the solutions was of tlie 
Leeds, Northrup type. The Bailey hydrogen electrode was used in conjunc¬ 
tion with a 1 iV solution of KCl and the calomel electrode as described by 
Clarke (2). The mixtures of solutions and gels were shaken in 250-cc. 
ground-glass stoppered bottles with a medianical shaker making about three 
oscillations per second. 


TABLE 1 

Adsorption of KlIxPOt by hydrogel <f silica 


NimnERor 

SOLUTION 

RIlACnON 

1 

K ADSORBrO BBR GRAM GCL 

POi ADSORBED GRAM G1.L 

Dry 

Wet 

Dry 

Wet 


pu 

mgm 

mgm. 

fmmm 

mgm* 

1 

9.SOI 

0.63 

9.99 


-0.S7 

2 

7.692 

6.56 

7.40 


-0.57 

3 

6.086 

1.74 

2.18 

-3.15 

0.00 

4 

3.888 

-0.68 

0,71 

-1.36 

1.92 


EXPERIMENTAL WORK 

A series of four or five solutions of each of the salts used was made up. 
The pH values in each series were varied by adding the required amounts 
of NaOH or HCl (ranging from neutral to N/5) before the solutions were made 
up to the mark. The salt concentration was kept constant throughout. The 
concentration of each solution was determined by official methods. 

In determining the adsorption of the various ions by hydrogel of silica, 200 cc, 
of each of the solutions of the salts was mixed with 50 gm. of the wet hydrogel 
of ^ca whidi had first been washed as free as possible of suKates and which 
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contained 43.7 per cent moisture. These mixtures were placed in 2S0-cc. 
ground-glass stoppered bottles and shahen for 72 hours. At the end of this 
time it was found that equihbrium had been reached. The mixtures were 
then allowed to settle until clear or, if a hydrosol was produced which would 
not settle, a Pasteur filter was used. Aliquots were then pipetted from the 
dear, supernatant liquid or filtrate and analyzed by the same methods as 
before the hydrogel had been mixed. The pH value of each of the solutions 
was also determined. 

In the case of the hydrogel of iron, the same procedure was followed with 
the exception that 25 gm. of the wet hydrogel containing 95.5 per cent moisture, 
was used. 


EXPERIMENTAL RESULTS 

In the following tables, adsorption is indicated in milligrams adsorbed per 
gram of dry hydrogel. The negative sign denotes negative adsorption. All 
others are positive. 


TABLE 2 


Adsorption of potassium by tJte hydrogel of silica 



KNOa 

K 2 SO 1 

NUMBER OF 
SOLUTION 

Reaction 

K ADSORBED FER CRAM OEL 

Reaction 

K ADSORBED PER ORAM GEL 



Dry 

Wet 

Dry 

Wet 


pn 

mgitL 

mgitu 

PS 

tngnu 

mpn* 

1 

9.873 

11.2 

11.45 

9.890 

10.06 

10.38 

2 

8.554 

9.86 

10.22 

8.706 

9.93 

10.19 

3 

6.830 

2.60 

3.68 

7.337 

4.70 

S .37 

4 

6.390 

-1.07 

0 37 

7.117 

1.91 

2.79 


3.360 

-1.332 

0.114 

S.27S 

1.16 

2.36 


Results shown in the ^‘dry ” column were calculated not on a volume of 200 
cc. of the solution, but on 200 cc. plus the amount of moisture contained in the 
hydrogel at the time it was added. Results shown in the “wet” column were 
calculated on a basis of 200 cc., the amount of the salt solution added. It will 
be noted that the amount of the positive potassium ion adsorbed decreased 
with a decrease of pH or OH concentration, showing the greatest adsorption 
took place in an alkaline solution, while the negative phosphate ion was ad¬ 
sorbed to a greater extent at high hydrogen-ion concentrations. This may be 
seen more plainly by referring to the curves on figure 1 of the authors' previous 
paper (4). 

The adsorption of the potassium varied with the hydrogen-ion concentration 
as in table 1 where potassium acid phosphate was used. The curves in the 
above mentioned figure show how similar the adsorption of the potassium with 
the three salts was. Near the neutral point a small change in the pH value 
made a marked change in the amount of potassium adsorbed. 
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U0a Adsorbed gm Gel 
Fig. 1. Adsorption of K> XOa, PO 4 , SO^ 
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Table 3 gives the adsorption by hydrogel of silica in solutions of CaH 4 (P 04 ) 2 . 

In the case of calcium salts it was impossible to obtain a wide range of pH 
values due to the precipitation of Ca(OH )2 by NaOH. In table 3 it will 
be noted that solutions 2 and 3 had the same pH value. Solution 2 contained a 
small amount of NaOH and HCl in equal quantities, while solution 3 contained 
only the salt CaH 4 (P 04 ) 2 . 

The calcium ion was adsorbed in the same order as the potassium ion in the 
potassium salts, but the order of adsorption of the phosphate ion in this case 
was reversed over that in the potassium phosphate. 


TABLE 3 

Adsorption of CaE^ hy ike hydrogel of silica 


NlT^fBCR OF 
SOLUTION 

RKACTION 

Ca ADSOfLBED PCR ORAM CEL 

PO 4 ADSORBED PER GRAM GEL 

Dry 

Wet 

Dry 

W’et 


pn 

mgm 

mgm. 


mgm. 

1 

4.243 

0,45 

1.09 

-0.64 

2.56 

2 

4.193 

0.41 

1.05 

-0.75 

2.47 

3 

4.193 

0.36 

1.01 


1.87 

4 

4.142 

0.18 

0.85 

-1.56 

1.72 

5 

2.463 

-0.89 


-2.62 

0.77 


TABLE 4 


Adsorption of Ca{NO^% hy ike hydrogel of silica 


NUMBER or 
SOLUTION 

REACTION 

Ca ADsoRsrj) per gram gel 

NOs ADSORBED PER ORAM GEL 

Dry 

Vitt 

Dry 

Wet 


pu 

mgm. 

mgm. 

mgm. 

mgm. 

1 

6.695 

0.61 

1.25 

-3.32 

-0.88 

2 


-0.86 


-3.32 

-0.88 

3 

6.086 

-1.49 

-0.64 

- 0.86 

-1.33 

4 

6.052 

-1.57 


-1.3S 

0.88 

5 

2.284 

-2.86 

-1.52 

-1.35 

0.88 


The adsorption of calcium followed the same order as potassium, but the 
aclsorj^tion of the nitrate ion did not seem to be influenced to any great extent 
by the hydrogen-ion concentration though the general tendency was to de¬ 
crease with a decrease in hydrogen-ion concentration. The maxim um ad¬ 
sorption occurred in the solution which contained neither NaOH nor HCL 
Solutions 1 and 2 contain .002 N and .0002 N NaOH, solution 3 contained 
only the salt, and solutions 4 and 5 contain .002 N and .0002 N HCl. It 
would appear that the presence of these compounds influenced the adsorption 
of the nitrate ion* 

Tables 5, 6, 7, 8, and 9 give the adsorption of salts by the hydrogel of ferric 
hydroxide. The pH values m the case of this gel were made much higher than 
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the corresponding pH values for the silica gel, in order to avoid a chemical 
solution mth the hydrogel. 

Table 5 shows that the negative phosphate ion is adsorbed to the greatest 
extent in the lower hydroxyl-ion concentration and decreases as the hydroxyl- 
ion concentration increases. But the positive potassium-ion does not follow 
the general rule of the positive ion. This is the only case found so far where 
the positive ion adsorption increases with the decrease of pH values 
throughout. 


TABLES 


Adsorption of KUtPOt hy the hyirogd of ferric hydroxide 


NfiMTirRor 

SOXOTION 

R] ACTION 

K AJOSORBLO PL.R GRAM CLL 

PO 4 ABSORBED PIIR GRAM GEL 

Dry 

Wet 

Dry 

Wet 


Pll 

mgnt. 

mgm. 

mgm. 

mgm. 

1 

12 730 

-65.2 

-16.3 

9.3 

91.2 

2 

11.868 

-14.3 

29.2 

51.2 

135.0 

3 

7.439 

63 0 

99.0 

216 0 

324.1 

4 

6 69S 

77.7 

111.2 

320.9 

378.1 

s 

6.627 

80.9 

114.1 

329.9 

386.2 


TABLE 6 


Adsorption of KNOi hy the hydrogd of ferric hydroxide 


MIHBCR OF 
sotmtotst 

REACT10^ 

K ADSORBED FI R ORAM GTE 

NOl ADSORBED PI R ORAM GEL 

Dry 

Wet 

Dry 

Wet 


pu 




mgm. 

1 

13.389 




97.8 

2 

12 612 


KM 


97.8 

3 

11.868 

48.9 

84.0 

34.4 

97.8 

4 

9.417 

0.2 

40.4 

34.4 

97.8 

5 

9.281 

-4.9 

36.2 

34.4 

97.8 


From table 6 it is seen that the adsorjition of the anion was not affected by 
a change of pH values but that its adsorption rate was independent of other 
ions present. The cation seemed to present a maximum adsorption in this 
case around a pH value of 11.868. The same will be noticed in table 1 which 
dhows a minimum adsorption of the sulfate ion at the same pH value. Curves 
in figure 1 make this more plain. 

The maximum adsorption of the potassium ion at a pH value of 11.530, and 
the minimum adsorption of the sulfate ion at the same hydrogen-ion concen¬ 
tration is worthy of note. This is better shown by the curves in figure 1. 

In table 8 we find the greatest adsorption throughout that has been noticed 
so far. While the change of pH values seems to have had but little effect on 
the adsorption of the phosphate ion, it has a tendency to present a minimiun 



















EFPECT OE REACTION ON ADSORPTION BY COLLOIDS 


4SS 


adsorption as was noted in table 7. The cation here followed the general 
order of cation adsorption with a change of pH value. 

It will be seen in table 9 that there was slightly greater adsorption in solu¬ 
tion 5 than in solution 4, which breaks the order of the cation adsorption. 
This is accounted for by the fact that solution 5 suffered such a high peptiza- 


TABLE 7 

A dsorption of KtISOa by Uie hydrogel of ferric hydroxide 


NuuncR or 
SOLVTXON 

REACTION 

E ADSORBED FEB ORA&f GEE 

SO 4 ADSORBED PER GRAU GEL 

Dry 

Wet 

Dry 

Wet 



ii^m. 

mgm. 

mgm» 

mgm. 

1 

12.645 

-60.8 

-14.5 

44.2 

91.1 

2 

12.578 

- 01.0 

38.9 

21.2 

70.5 

3 

11.530 

21.7 

59.2 

10.1 

60.7 

4 

8.182 

-02.4 

37.7 

19.1 

68.9 

5 

7.624 

-07.8 

32.8 

19.1 

68.9 


TABLE 8 

Adsorption of CaEi (POOs by the hydrogel of ferric hydroxide 


NUMBl'R OP 
SOLUTION 

REACnON 

Ca ADSORBED PER GRA^C GIL 

POi ADSORBrD PER GRAM GEL 

Dry 

Wet 

Dry 

Wet 


pn 


tngm. 

Mgm. 

mgm. 

1 

5.156 

109.5 

118.6 

554.8 

589.0 

2 

5.156 

104.5 

114.1 

536.8 

572.8 

3 

5.038 

101.9 

111.8 

536.8 

572.8 

4 

5.021 

101.9 

111.8 

581.7 

613.3 

5 

4.446 

56.4 

71.2 

587.7 

618.7 


TABLE 9 

Adsorption of Ca{NOi)i by the hydrogel of ferric hydroxide 


NirMiJpR or 
bOEUirON 

RI ACTION 

Ca ADSORBrD PER ORAM OFL 

NOl ADSORBED PER ORAM GEL 

Diy 

> Wet 

Dry 

Wet 


pn 

eigm. 

mgm» 

wgfn. 

mgm. 

1 

6 036 

29.3 

47.6 

-12,0 


2 

5.241 

-03 6 

18.3 

-12.0 

62.0 

3 i 

5.122 i 

-39.1 

-13.3 

-12.0 

62.0 

4 

5.038 1 

-46.4 

-20.0 

-12.0 

62.0 

5 

4.432 

-31.5 

-06.5 

-12.0 

62.0 


tion, that the accurate determination of the adsorption became very difficult. 
Here again wc notice the general tendency of the nitrate ion not to be affected 
by the pH value* 

Inasmuch as it seems to be the general tendency for an add reaction to fasten 
the negative ion and an alkali reaction to fasten the positive ion, we believed 
















456 


E. B. STARKEY AND NEIL E. GORDON 


that by reversing the charge on the gel wc should get a release of the ions which 
were adsorbed the moat strongly. That is to say, by washing a gel winch had 
adsorbed a negative ion strongly with an alkali, the ion should be released 
or washed out. So we proceeded in the following manner. 

Ihc silica gels from solutions 1,2,4 and 5 of tabic 1 (AI>sori'>tion of KIT 2 P 04 by hydrogel of 
siVca) were used. Solut ions I and 2 contained or bad absorbed a relat ively large amount of the 
potassium while solutions 4 and 5 had absorI>cd the phosphate ion. All the sanijdos were then 
placed in filter papers in separate funnels and washed witli water to remove that portion of 
solution mechanically held. Analysis of these portions were made as shown in the results. 
After the analysis showed only a small quantity of potassium and i)hosphate ions in the wash 
water, the acid and alkali washings were begun. For this, O.IA^ TICl or NaOII were added in 
50-cc portions. The filtrates were collected in separate lieakers. To gel 1,1 TTCI was 
added; to gel 2,0.1 Af NaOII; to gel 4,0.IAT IICI and to gel 5,1 .O^V NaOTI. Three successive 
samjdcs of washings were collected from each of the gels, then a fourth portion was added 
to each and allowed to stand over night. This was run olT the next morning and analyzed 
along \vith the others. Ta])l(» 10 gives the results obtained from the analyses of the IICl 
and corresponding previous water washings. 

TABLE 10 

Afia/ysis of TICl washings of hydrogd of silica 



TABLE 11 



Analysis of NaOll washings of hydrogel of silica 


oi.i. 1^0. .s 
IH)4 HRLKASin) 


mum* 

95.65 

l.W 

2.70 

1.35 

1.09 

7.88 


Table 11 gives the results obtained from the analyses of the NaOH and cor¬ 
responding -water -washings. 


It will be seen from table 10 that the HCl -washing caused a marked release 
of the potassium ion, whereas no increase was noticed in the phosphate ion 
until the HCl was left ovemi^t in contact with the gel. 

In table 11 it will be noticed that the NaOH caused a slight increase in the 
liberation or movement of the phosphate ion. The small increase was prob¬ 
ably due to the small amount present to begin with. We also obtained a 
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slightly increased movement of the potassium ion. This is accounted for by a 
replacement of the potassium by the sodium ion until a state of equilibrium is 
reached. The explanation becomes even more plausible when the results for 
the overnight wasliings are observed. 

DISCUSSION 

We had expected when starting the work that an increase in the concentra¬ 
tion of the hydroxyl ions would increase the adsorption of cations by soil 
colloids. These results were very generally found as seen in the preceding 
tables. This was anticipated in accordance with Helmholtz’s electrical 
double-layer theory which assumes that one ion may become more closely 
associated with the colloidal particle than the other ion. This most closely 
associated ion would impart its charge to the colloidal particle, but this 
charged colloid and ion will attract ions of opposite charge and in our case, 
if it is the OH ion that is giving the charge to the colloid, it should attract the 
metal ions which have the opposite sign. Hence, the solution should become 
poorer in metallic ions. This was what was found, but this is only one expla¬ 
nation of the general behavior of the metallic ions. The negative ions showed 
many specific cases, and work is now in progress to explain the entire phe¬ 
nomenon in terms of chemical reactions which are governed by difference of 
solubility or hydrogen-ion concentration. 

SUMMARY 

1. The adsorption of the cation as a rule increased with increased hydroxyl 
ion concentration, or with increased pH value. 

2. The adsorption of the phosphate ion increased with decreased pH value 
in some cases. 

3. Adsorption of the nitrate and suKate ions was not consistently influenced 
by the reaction of the solutions. 

4. Anions seem to be adsorbed in the order of phosphate, sulfate and nitrate 
with phosphate well in the lead. 

5. Adsorption by ferric hydroxide gel is greater than by silicic add gel. 

6. There is a large change in adsorption of potassium ions for very slight 
change in the hydrogen-ion concentration around the neutral point. 
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OXIDATION OF ZINC SULFIDE BY MICROORGANISMSi 
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Under conditions of natural exposure, hydrogen sulfide and metallic sulfides 
are slowly oxidized. In a fine state of subdivision, and in the presence of 
catalytic agents oxidation proceeds and sulfuric acid is formed. The sulfuric 
add in turn reacts with the bases to form sulfates. Winogradksy (10, 11) 
described a group of sulfur bacteria which were able to reduce HsS to elemen¬ 
tary suKur, and to oxidize elementary sulfur to H2SO4. The sulfur trans¬ 
formation is given in the following reactions: 

2 HsS + O 2 = 2 H 2 O + S 2 + 122 calories 

S 2 + 3 O 2 + 2 H 2 O == 2 H 2 SO 1 + 282 calories 

While sulfur oxidation in soils appears to be chiefly a biological phenomenon, 
there seems no doubt that the results are influenced by purely chemical 
reactions. 

Kappen and Qucnsell (4), Van Bemmelen (9) and Macintire and his associates (6) conclude 
that sulfur oxidation takes place without the aid of bacteria. Boulanger (1), Demolon (2), 
Lipmon and his assistants (5) have laid much emphasis on the biological factor in sulfur 
oxidation in the soil. Lipman seized upon the idea of utiludng this factor for agricultural 
purposes. Bock phosphate was mixed with dowers of sulfur, and the mixture inoculated 
with sulfur-oxidizing organisms. The sulfur, traxisformed into 11^804, reacts with the 
Ca 8 (P 04 )s rendering the inert phosphates soluble and available to plants. 

Little is known al) 0 ut the influence of microorganisms upon the oxidation of metallic 
sulfides. Budolfs (7) found that certain suKur-oxidizing bacteria readily oxidize P3nites. 
As far as the wnters were able to learn, nothing else is on record as to possible biological 
reactions involving metallic sulfides. 


PEOCBDURE 

With a mixed culture of a large group of sulfur-oxidizing organisms we finally succeeded 
in seeming a culture which was able to slowly attack precipitated ZnS. From these cultures 
the best was selected, inoculated into a sterilized soil medium, and mixed with a nearly pure 
Spanish zinc blende. This culture served as inoculxun in mixtures of unsterilized soil with 
two commercial zinc sulfides. The cultures were made by thoroughly mixing air-diy portions 
of soil, blende, and in some cases flowers of suHur. The soil used was Penn loam. Inocula- 
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tions were made with a water extract of the original culture in portions of the new material. 
The mixtures consisted of: 


maiBEit 

SOIL 

OSE 

bULrUR 

IKOCUIATION 


fiW. 

Sm, 

8m> 


1 

250 

75 

None 

None 

2 

250 

75 

None 

Soil 

3 

250 

75 

10 

Sulfur 

4 

245 

75 

10 

Blende 

5 

240 

75 

25 

Soil 


Triplicate composts were placed in tumblers covered with glass plates and incubated at 
28®C. Each culture was weighed and the water-holding capacity determined. Samples were 
weighed out and relative acidities, hydrogen-ion concentrations, sulftites and soluble zinc 
determined. The composts were kej)! at approximately 60 per cent of the water-holding 
capacity tliroughout the period of incubation. The amount of water lost by evaporation 
determined by placing the tumblers on the scale pan, was added each week and tlic mixtures 
removed from the tumblers to provide for suflicicnt aeration. 

Walcr-cxtraclions were made of weighed air-dry samples from each culture, by shaking 
20 gm. of mixture with 200 cc. of diluted water in 1-liter flasks in a shaking machine for 2 
hours. The flasks were left standing over night and an aliquot drawn off for the pll deter¬ 
minations. The remainder of the contents of the flasks were then filtered until the liquid 
was clear. 

The hydrogen-ion concentrations were determined by the colorimetric method, witli the 
apparatus described by Van Alstine (8). 


TABLE 1 

Analyses of sine ores 


ORC 

Zn 

Fe 

CaO 

S 

Pb 

SOi 

ri:- 

.\( noN 

voisr- 

URl. 


per cent 

per cent 

per cent 

per rent 

per rent 

per rent 

pir 

percent 

Zinc concentrates. 

46.6 

3.9 

4.9 

29.2 

0.12 

0.037 

7.4 

0.14 

Zinc blende. 

48.4 

7.7 

2.7 

31.2 

0.20 

0.060 

7.7 

0.64 

Penn loam. 


9.4 


0.04 


0.119 

6,7 

2.34 


Diitcrminat ions of relative acidity worts nuule upon aliquots of the water ext nut. 1'Iie 
liquid was boiled to cxiwll C'Oa, cooled, and titrated with 0.1 N NaOII, using i>honolphthalein 
as indicator. 

The sulfates were determined by acidifying aliquots of the water extract with concentrated 
HCl and precipitating at the boiling i>oint with BaCb. 

Soluble zinc was determined by the electrolytic metliod propt)se(l by Classen (3) and by 
the volumetric method with fcrrocyamdc solution, using uranium acetate as indicator. Iron, 
«etc., was removed before titration. The results recorded are calculated to the moislurc-free 
basis of the soil and ores. The analyses of the ores and soil at the beginning of the investiga¬ 
tion are given in table 1. 


EXPERIMENTAL RESULTS 

For a study of the progress of the reaction, details of two scries of cultures 
are given in tables 2 and 3. The water-soluble acidity increased continuously, 
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while the hydrogen-ion concentration fluctuated. In general the hydrogen-ion 
concentration shows a sudden increase, then a slow decrease, and again an 
increase. Determinations of pH values do not show the total acidity in the 


TABLE 2 

Reaction of mixtures after various periods of ittcuhafion 


i 

p 

g" 




2 WEEKS 

fO 

s 

n 

I 

Ok 

12 WEEKS 

0 ( 



cc.* 

pn 

pn 

pn 

cc. 

pn 

cc. 

pn 

cc. 

pn 

CC. 

pn 

cc. 

pn 

1 

0.0 

7.2 

7.1 

7.1 


7.2 

0.1 

Bol 

0.1 

7.1 

0.4 

6.6 

0.6 

6.4 

2 

0.0 

7.2 

7.0 

6.9 


6.6 

0.6 

6.4 

1.0 

6.2 

2.6 

5.2 

5.2 

5.0 

3 

0.0 

7.2 

6.6 

3.5 

12.0 

3.2 

21.2 

3.7 

22.8 

4.0 

27.6 

3.4 

55.6 

3.5 

4 

0.1 

6.9 

6.5 

4.2 

4.6 

3.2 

18.4 

3.4 

19.6 

4.0 

25.4 

3.3 

50.8 

3.7 

5 

0.0 

7.1 

6.1 

3.7 

10.8 

3.1 

24.8 

3.6 

27.2 

3.1 

52.4 

2.9 

79.6 

3.0 

6 

0.0 

7.2 

7.1 

7.0 

0.0 

7.1 


6.7 

in 

6.6 

WiWm 

6.7 

0.3 

6.5 

7 

0.0 

7.2 

7.1 

6.6 

0.4 

6.6 



MB 

4.6 

10.6 

4.7 

30.2 

4.6 

8 

0.0 

7.1 

6.8 

6.7 

0.6 

6.5 

8.0 

4.5 

19.2 

4.6 

tael 

4.4 

63.2 

4,4 

9 

0.0 

Wil 

6.7 

6.6 

0.4 

6.7 

7.4 

4.8 

17.2 

4.6 

34.0 

3.8 

72.4 

4.1 

10 

0.0 

7.1 

6.3 

6.7 


6.4 

14.6 

3.8 

26.0 

4.5 

42.0 

4.3 

62.8 

4.0 


* Aridity expressed in cc. 0.1 N NaOH required to neutralize acidity of water extract 
from 10 grtis. of mixture. 


TABLE 3 

Accumulation of water-soluhle sine and sulfate 
Per 10 grams of mixture 


1 

INlIlAt 

AETER 

1 WEEK 

ARTJEfiR 

3 WEEKS 

AFTER 

6 WEEKS 

AFrE.R 

9 WI.F.K.>S 

AFTER 

12 WEEKS 

AFTER 

18 WEEKS 

|P 

1 

SOl 

Zn 

sen 

Zn 

SO 4 

_ 

Zn 

SO 4 

Zn 

SO 4 

Zn 

SO 4 

Zn 

SO* 

Zn 



msm. 

wiUn. 

Miim. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

per 

cent 

1 

5.0 

3.2 

5.4 

2.9 

7.0 

3.1 

13.8 

7,9 

29.0 

12.6 

33.4 

16.4 

50.6 

18.0 

1.67 

2 

5.1 

3.7 

13.4 

0.4 

24.2 

12.2 

58.2 

34.7 

102.1 

51.4 

114.2 

63.0 

142.2 

98.0 

8.32 

3 

10,1 

3.0 

17.2 

12.8 

140.4 

90.6 

198,9 

134.5 

256.2 

157.4 

282.0 

172.6 

377.8 

190.0 

19.17 

4 

11.1 

3.8 

18.1 

19.2 

133.1 

77.7 

182.8 

149.4 

186.4 

150.6 

228.8 

180.0 

364.2 

192.5 

17.59 

5 

18.8 

3.7 

35.6 

18.2 

121.8 

64.4 

202.1 

191.1 

220.1 

204.0 

358.3 

297.2 

518.1 

369.0 

37.56 

6 

5.4 

3.1 

5.4 

3.3 

7.6 

4.1 

21.9 

15,8 

43.8 

30.4 

81.8 

30.6 

m .2 

67.5 

5.81 

7 

5.4 

3.2 

0.8 

5.0 

37.9 

6.2 

53,0 

17.61 

62.9 

40.7 

141.3 

81.0 

271,8 

193.3 

17.65 

8 

19.1 

3.0 

41.9 

6.2 

151.5 

102.9 

195.1 

159.8 

258.7 

166.2 

327.0 

195.2 

488.0 

2SS.0 

23.82 

9 

14.2 

3,1 

19.3 

6.2 

138.4 

89.1 

196.8 

101,5 

253.4 

123.3 

342.0 

194.4 

545,8 

270.0 

25.42 

10 

18.7 

3.1 

27.9 

6.1 

137.4 

93.1 

211.6 

159.8 

301.8 

191.5 

393.1 

198.2 

505.0 

245.0 

23.76 


mixtures, but merely tlie strength of the free add at. the time the determina¬ 
tions were made. These determinations serve as a convenient means of follow¬ 
ing the process of oxidation and the general reaction. The sudden increase 
marks a rapid oxidation of suKur to free H2SO4, which in turn reacts with tlie 
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basic constituents of the mixtures. The decrease of hydrogen-ion concen¬ 
tration indicates a more complete reaction. As may be seen from table 3, 
sulfur oxidation takes place in all cultures. 

Apparently as the result of chemical reactions a small amount of zinc sulfide 
was converted into zinc sulfate. This agrees with the findings in sterilized 
cultures which had been incubated for 30 weeks. However, the inoculated 
cultures made far more zinc soluble Uian the uninoculalcd mixtures; while 
mixtures to which elementary sulfur was added .showed still greater amounts 
of soluble zinc. This seemed to indicate that in mixtures containing high 
proportions of soluble zinc, sufiicient sulfuric acid was produced by the sulfur- 
oxidizing organisms to react with the zinc ore. 


TABLE 1 

SoltMe iine from ore^ incubated for a period ef IS weeks 


TRt ATin NT OF MnCTirKE 01 250 G\C SOU. AND 75 OM ORD 

WatUMITD 

21NC 

rARDONATn 

ZOW GRADD 
SltrCATE ORE 

TTninofulatcd. / ... 

percent 

0.41 

per cent 

1.02 

percent 

2.10 

5 gm, inoculoLtcd soil.... 

0.23 

1.14 

2,06 

10 gm. inoculsitcd sulfur.... 

15.53 

16 03 

74.91 

5 gm. inoculated blende and 10 gm. sulfur. 

6.81 

19.73 

tki.n 

10 gm. inoculated soil and 25 gm. sulfur... 

9.99 

22 67 

68.44 



A number of experiments were then made with otlier zinc ores, notably with 
Willemite (ZnjSiOO, Smithsonite (ZnCOa) and a low silicate ore. The cultures 
were inoculated with a pure strain of sulfur-oxidizing organisms, known to 
convert sulfur into sulfuric acid and analyzed as described above. 

The results at the end of 18 weeks are given in table 4. 

It is evident from table 4 that the sulfuric acid produced by the oxidation 
of deraentary sulfur readily transformed those different ores. 

It is a point of interest to know at which hydrogen-ion concentration trans¬ 
formation of ZnS to ZnS04 takes place. To find the exact acidity necessary 
to change the different zinc ores, curvc.s were constructed from rcath'ngs of 
pH values obtained by additions of different amounts of 0.1 ISf IlaSOi to the 
ores. Ten grams of ore were sliaken for 2 hours in a shaking machine with 
definite amounts of sulfuric acid added to distilled water to make 200 cc. of 
liquid. The bottles wdth contents were left standing for 24 hours and an 
aliquot of the supernatant liquid was then drawn off and the hydrogen-ion 
determinations made. At the critical points sufficient determinations were 
made to check up all points obtained. The results for one zinc sulfide ore 
are graphically shown in figure 1. It is apparent that at approximately pH 
5.7 to 5.5 there occurred a sudden increase in the solubility of the ZnS, in¬ 
dicating that but very weak acidity is required to reach to critical point of 
solubility. However, with even w^er acidity a rapid reaction takes place. 
If this graph is compared with the figures in the tables, the relation between 
the hydrogen-ion concentration and ZnSOi formation is strikingly shown. 
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Since a possible practical application would necessarily be directed toward 
the low grade ores, the part of the work dealing with the low grade silicate ore 
was most interesting. However, an addition of elementary sulfur to such ores 
would considerably increase the cost of operation, and no profitable use could 
be made of this biological method. 

Studies now under way may result in reducing the incubation period, which 
in the above tests had to be prolonged. 



Fro. 1. («RAra SuowiNG ax Wmai IItorooen-Ion Concentration the Zinc or Zinc 

SutmE Becones Soluble 


From a practical view point it seems more interesting to develop a strong 
oxidizing-culturc which needs little or no free sulfur with which to start. Ihis 
would limit tlic work to low-grade sulfides. Since enormous quantities of 
low-grade sulfide ores are foimd and are at present rardy used, tHs point was 
therefore investigated. 

Low grade zinc ores are frequently associated with other sulfides, so much 
so, in fact, that economic geologists usually consider lead sulfide and zinc 
sulfide together. 

A study was made with rather low-grade zinc sulfide containing equal 
amounts of zinc sulfide and of galena (PbS). Mixtures were made of SO parts of 
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soil, SO parts of zinc sulfide (14.5 per cent Zn), and 50 parts of galena. SuKur was 
added to some mixtures as to the cultures reported in table Ij uninoculated 
check cultures and mixtures with zinc sulfide and galena alone were included 
in the series. After 12 weeks, 24.5 per cent of the zinc was soluble in the 
cultures to which sulfur had been added, while 10.1 per cent zinc was soluble 
in the inoculated mixtures without sulfur. No trace of lead was present in 
any of the extracts. After 30 weeks, 72.4 per cent zinc was soluble in mixtures 
without sulfur and a trace of lead appeared. 

From the data presented the following tentative conclusions may be drawn; 

1. Microorganisms are able to transform zinc sulfide to zinc sulfate. 

2 . The growth of these organisms is not inhibited by the resulting soluble 
zinc. 

3. The addition of elementary sulfur to impure cultures increases the rate 
of solubility of zinc blende. 

4. The “Lipman” sdfur-oxidizing organisms produce sufficient H 2 SO 4 from 
elementary sulfur to render zinc carbonate and zinc silicate soluble. 

5. A possible biological method can be worked out for economical utiliza¬ 
tion of low-grade zinc sulfide ores. 

Studies are under way aimed to reduce the amount of soil or to supplant 
it by a suitable medium; to determine the influence of temperature and 
moisture-content of the mixtures; and to purify the bacteria which use the 
combined sulfur as a source of energy. These studies will be reported on 
subsequently. 
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MODIFICATIONS OF THE SOIL FLORA INDUCED BY APPLICA¬ 
TIONS OF CRUDE PETROLEUM? 
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Although crude petroleum is not normally used as an antiseptic or germicide, 
it undoubtedly has a certain amount of germicidal action and its action in 
the soil is in all probability very largely that of an antiseptic. 

In addition to this action, several investigators have shown that certain 
bacteria have the power of utilizing the hydrocarbons contained in crude 
petroleum as sources of carbon and energy. Crude petroleum therefore may 
modify the soil flora in much the same way as does large applications of 
carbohydrates, such as straw. 

The literature contains very few references to the effect of crude petroleum 
on the soil flora and biochemical reactions of the soil. However a great deal 
of work has been carried out in studying the action of various other materials 
used as soil antiseptics. The materials most commonly used in this con¬ 
nection have been carbon disulfide, ether, toluene and benzene. While the 
data, with respect to the action of these substances, are largely conflicting, 
the majority of investigators have reported a temporary decrease in bacterial 
numbers and biochemical activities, later followed by a large increase, 

Rahn (4) reported in 1906, the presence in soil of a mold brionging to the PenidlHum 
group which was capable of breaidng down parafhi and using it as a source of food. 

Sohngen (5), a number of years later, gave an extensive report of a number of bacteria 
isolated from soil which are capable of using parafidn, petroleum and benzene as sources 
of carbon and energy. 

Tausz and Peter (6), in an extensive report on methods of anal3rsis of hydrocarbons, 
describe several organisms capable of utiliziag definite hydrocarbons as sources of carbon 
and energy, 

Gainey (2), in an article discussmg the effect of paraffin on ammonification and nitrifica¬ 
tion in ^e soil, concludes that these biochemical activities are very materially hindered 
by the presence of this substance, 

Carr (3), in malring applications of crude petroleum to soil growing soy beans, found that 
their growth was apparently improved through the addition of small amounts of crude 
petroleum (up to 0.75 per cent), and that rather large amounts could be mixed with the soil 
(4.0 per cent) before it killed the soy bean plant. 


^ Part of a thesis submitted to the faculty of Purdue University in partial fulfillment of 
the requirements for the degree of Master of Science in Agriculture. 

This opportunity is taken to express to Dr. R. H. Carr, due appreciation for his suggestions 
and criticisms of this work. 
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TECHNIC 

Crude petroleum liaving a specific gravity of 0.8370 was used in all of the investigations 
made. The sample was secured from the Indiana Pipe Line Company at the Kankakee 
Pumping Station, just as it came from the pipe line, and was kept in a closed vessel at all 
times in order to avoid any outside contamination. 

The methods of making the application of this crude petroleum to the soil varied with the 
tjTpe of experiment being conducted and will be described in detail in connection with the 
various experiments. 

Bacterial counts of the soil samples were made by plating on agar. A number of different 
media recommended by various investigators were tried out in an effort to find the one which 
would prove the most satisfactory both from the standpoint of the number of colonies develop¬ 
ing and the production of characteristic colonies. Although the media did not vary consid¬ 
erably in their degrees of suitability, it was finally decided that a S3mthetic medium of the 
following composition and adjusted to a hydrogen concentration of pH 7 was the most 
satisfactory. 


Sodium potassium tartrate. S.Ogm. 

Peptone. 1.0 gm. 

Dibasic potassium phosphate. 0.5 gm. 

Magnesium sulfate. 0.2 gm. 

Agar.15.0 gm. 

Distilled water. 1 liter 


Ammonia was determined by direct distillation with magnesium oxide. It is recognized 
that this method of determination may give results which are slightly high, because of the 
breaking down of certain amides and amino adds into ammonia. The results are, however, 
comparable one with another if the same technic is used in aH cases. 

Nitrate determinations were made by the phenol disulfonic add method, as modified by 
Noyes (3) for soil analysis. When the work was first started and the complete absence of 
nitrates was noted in the soil treated with the crude petroleum, it was thought that the 
presence of the crude petroleum might interfere with the colormetric determination of 
nitrates. To check this point, a known quantity of nitrate was added to a sample of soil 
containing a heavy application of the crude petroleum, and the nitrate was recovered quan¬ 
titatively by the phenol disulfonic add method. In addition, samples showing no nitrates 
by the phenol disulfonic add method were also analysed for nitrates by the Devardo 
method and the same results were obtained. It is felt that the method used is very well 
adapted to the work, since extremely small amounts of nitrate may be detected. 

Crude petroleum was determined in the soil by extraction with equal parts of petroleum 
and ethyl ethers. The material extracted was dried at a temperature of 37.5®C, for 24 hours 
and then placed over caldum chloride to complete the drying process. The drying was car¬ 
ried out in this manner to avoid any unnecessary loss of the more volatile portions from the 
crude petroleum. Blanks on untreated soil were determined in order to make correction 
for the material other than crude petroleum which might be extracted. 

ITELD PLOT EXPERIMENTS 

For this part of the work a healthy normal row was selected from an e:q)eri- 
mental com plot. This corn received no treatment other than the application 
of crade petrolexim. The soil was a dark silt loam containing about 7 per 
cent volatile matter, and the com was of the yellow dent variety. The crude 
petroleum was applied in varying amounts to the individual hills of com, 
after it was about 1 foot high. This application was made to the surface of 
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the soil in a circle about the hill at a distance of about 6 inches from the 
plants. The row and the hills selected for this experiment were as repre¬ 
sentative and normal as it was possible to get them. Applications ranging 
from 25 cc. to 425 cc. were made to each hill. 

Samples were taken from each of the treated hiUs at two different dates 
and moisture, nitrates, nitrification and bacterial counts determined. 

Both aerobic and anaerobic bacterial counts were secured. The anaerobic 
count was secured by incubating the plates in an atmosphere of flowing 
hydrogen. 

Nitrification was determined by setting 100 gm. of the soil away in a tumbler 
for a two weeks’ incubation period. Nothing other than water to bring the 
moisture content to optimum was added to the soil. 


TABLE 1 

Field plot experiment 


CRTXDE 
PETROmiU 
PER HELL 

AUOtJST 7, 1920 

OCIOBES. 16,1920 

Nitrates, on dry bads 

Bacteria per gram 
of dry soil 

Nitrates, on dry basis 

Bacteria per 
of dry soil 

Fresh 

samples 

After 

2 weeks 
incubation 

Aerobes 

Anaerobes 

Fresh 

samples 

After 

2 weeks 
incubation 

Aerobes 

Anaerobes 

CC. 

p.p.m. 

p.p.m. 

miUioHS 

millions 

p.p.m. 

p.p.m. 

millions 

millions 

0 

22.41 

56.30 

1.67 

0.178 

26.74 


2.81 

0.184 

25 

2.52 

16,80 

2.52 

0.173 

13.42 

19.92 

2.84 

0.192 

75 

1.17 

5.50 

3.25 

0.135 

6.78 

16.81 

3.02 

0.178 

125 

0.33 

3.37 

3.38 

0.176 

4.78 

14.35 

3.35 

0.164 

175 

0.00 

1.67 

2.88 

0.209 

1.79 

3.42 

3.21 

0.192 

225 

0.00 

1,67 

3.28 

0.201 

0.00 

1.68 

3.78 

0.135 

275 

0.00 

1,68 

3,92 

0.209 

0.00 

1.68 

3.91 

0.186 

325 

0.00 

1.67 

4.69 

0.194 

0.00 

1.67 

4.73 

0.203 

375 

0.00 

1.25 

4.78 

0.197 

0.00 

1.25 

4.53 

0.211 

425 

0.00 

0.75 

5.24 

0.203 

0.00 

1.2S 

6.78 

0.203 


By examination of table 1, it will be seen that the nitrate content of the 
fresh soil was materially lowered in both sets of samples. Also the quantity 
of nitrate produced during two weeks’ incubation was lessened in proportion 
to the size of the application of crude petroleum. In comparing the two 
sets of samples, it is seen that the soil had in a measure regained its power of 
nitrate production at the lime the last set of samples was taken. 

Total coimts of aerobic bacteria were much increased by the applications 
of crude petroleum, the increase being greater with the larger applications of 
crude petroleum. Although total aerobic counts were slightly higher at the 
second date of sampling, the percentage of increase, due to the application 
of crude petroleum, was no larger. Although there was an increase in the 
total aerobic count of bacteria, the number of bacterial types was very greatly 
reduced by the higher applications of crude petroleum. 
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Applications of crude petroleum seemed to have little effect on the number 
of organisms developing imder anaerobic conditions. 

Yield records on a plot of such small size are of very little value. However, 
it was noted that the largest and best ears of com were produced on the hills 
which were treated with the highest amounts of crude petroleum. While the 
number of hills in each treatment is not large enough to give accurate crop 
data, this does indicate tliat the crude petroleum as applied in this experiment 
was not detrimental to plant growth and development. 

IAJB0351AT0RY STUDIES ON AMMONIPICATION AND NITRIFICATION 

This experiment was designed to determine the effect of applications of 
crude petroleum on the biochemical activities of the soil flora as measured 
by ammonification and nitrification. Also an attempt was made to determine 
what modifications were brought about in the t)^es of bacteria developing 
on agar plates. 

A brown sandy loam from an old soy bean field in the Purdue Experimental 
Plots was used in this test. 

Nine 100-gm. portions were placed in glass tumblers and 1 per cent of 
cotton seed meal added. To three of these portions 2 cc. of crude petroleum 
was added and to three others, S cc. was added. The crude petroleum in 
each case was thoroughly mked with the soil. The tumblers were then set 
away to incubate for var 3 dng periods of time. 

The initial sample and the incubated portions were all analyzed for nitrates, 
ammonia and bacterial coimts. 

Bacterial plates were incubated for 10 days and then counted and photo¬ 
graphed in order to record the number of colonies and the uniformity of type. 

The treatments of crude petroleum used in this experiment were intention¬ 
ally made very high in an effort to intensify any effects which might be 
produced. 

A study of table 2 shows the ammonia content of the soil to have remained 
about constant during the first 7 days of incubation, with a slight loss in the 
case of the treated samples. At the end of 17 days the ammonia content had 
risen very sharply and this increase continued over the succeeding 10 days 
of incubation. 

Mold growth in all of these samples was very intense and the production 
of ammonia is probably, in part at least, due to this factor. 

However, the untreated sample shows a greater ammonification at all 
stages than either of the others, indicating that the applications of crude 
petroleum slightly decreased the ammonifying eflSciency of the soil. 

Nitrate production was affected to a far greater extent than ammonia 
production. The formation of nitrates in the samples stopped and the initial 
nitrates of the soil disappeared. 

In contrast to the lowered efficiency of ammonia production and the com¬ 
plete loss of nitrates, bacterial numbers are shown to have increased more 
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rapidly in the treated samples than in the untreated one. A careful study of 
table 2 shows, however, that the initial effect of the higher application of 
crude petroleum was to reduce the bacterial count, but that this period of 
initial decrease was followed by a period of very rapid multiplication. 

Of equal interest is an observation of the types of bacteria developing in 
the treated and untreated samples. Plate 1 shows photographs of petri plate 
cultures made from various samples at the end of 17 days’ incubation. The 
sample receiving no crude petroleum shows the development of a large 
number of different types of bacteria, as would be expected in the normal 
soil flora. Treated samples, howe^-er, show in addition to the increased 


TABLE 2 

Effect of applications of crude petroleum on bacterial counts^ ammonification and nitriftcation 


PES.IOD 
or INCUBA¬ 
TION 

AMIUKINZA ON BASIS OF DRY SOIL 

NITRATES ON B4SI5 OF DRY SOIL 

BACTERIA PER ORA3C OF DRY SOIL 

No oil 
added 

2 cc. oil 
added 

5 cc oil 
added 

No oil 
added 

> 2 cc. oil 

1 added 

5 cc. oil 
added 

No oil 
added 

2 cc. oil 
added 

5 caoil 
added 

days 

p.p.m. 

p.pMt. 

p,p.m. 

p.p.nt. 

p.p.m. 

P^p.m, 

millions 

millions 

Millions 

0 

16.8 



4.8 



5.7 



7 

IS.9 

15.7 

9.1 

16.0 

3.2 

2.2 

4.8 

10.0 

2.6 

17 

687.0 

619.1 

450.4 

48.0 

0.0 

0.0 

16.5 

22.6 

34.4 

27 

77S.O 

587.3 

480.9 

80.0 

0.0 

0.0 

28.0 

37.8 

57.3 


number of colonies, a very marked reduction in the number of bacterial 
types. With the larger application there is at the end of 17 days’ incu¬ 
bation, practically only one type of bacteria developing on the plates. 
Apparently some property of the crude petroleum has stimulated this particu¬ 
lar bacterial type and at the same time has shown an inhibitory action on the 
other t 3 pes originally present in the soil. 

Mold growth was very intense in all of these samples as indicated by the 
presence of white hyphae throughout the soil. 

GREENHOUSE EXPERIMENTS 

In order that the bacteriological and biochemical activities of the soil as 
influenced by applications of crude petroleum might be studied in connection 
with crop growth, a series of experiments was carried out in the greenhouse 
using 2-gallon pots. 

Since previous work had shown the transformation of nitrogen from protein 
to nitrate to be the chief biochemical factor affected, a rich black loam, high 
in organic matter was used, to which was added a sufficient quantity of the 
other fertilizer elements to insure a plentiful supply. 

Two series of IS pots each were set up. The series were duplicates, except 
for the fact that one received 25 gm. of dried blood per pot in addition to the 
other substances. Each pot contained 4000 gm. of soil, 20 gm. of calcium 
carbonate, 10 gm. of potassium chloride, and 15 gm. of calcium add phosphate. 
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Crude petroleum was added to each series in varying amounts and was 
thoroughly mixed with the slightly moist soil before it was placed in the 
pots. The smallest application of crude petroleum used was 10 cc. per pot 
and the size of the treatment increased by increments of 10 cc. up to 100 cc. 
Between 100 cc. and 200 cc. the treatments were increased by increments 
of 20 cc. 

Moisture conditions were kept as nearly optimum as possible but it was 
found very difficult to get the higher members of the series to take enough 
water. 

At the end of 21 days and again at the end of 60 days, samples were taken 
from the pots and analyzed for nitrates and bacterial counts. 

Decomposition of the dried blood was very intense and during the earlier 
part of the experiment the surface of the soil was dotted with white mold 
colonies. 

An examination of tables 3 and 4 shows that the nitrate content of the soil 
in both series was lowered very materially by the application of crude petro¬ 
leum. In the pots containing the larger applications of crude petroleum, 
no trace of nitrate could be found. The detrimental effect of the crude petro¬ 
leum was not so marked in the dried blood series as in the series containing 
no dried blood. The retardation of nitrification by the crude petroleum 
treatments had worn off to a large extent at the date of the second and last 
sampling, i.e,, after a period of 60 days. 

Bacterial growth was apparently benefited by the applications of crude 
petroleum. The bacterial count increased with the size of the crude petro¬ 
leum application in both series. 

Uniformity of bacterial t 3 ^e was very marked at the time of the first sam¬ 
pling, particularly in the pots receiving the higher applications of crude 
petroleum. This degree of uniformity was partially lost in the lower pots 
of both series at the date of last sampling. 

After these samples had been taken, the pots were planted with seed from 
a disease free ear of yellow dent com. In addition to the original pots, three 
others were started. Each of these received the same amount of phosphorous, 
potassium and lime as did the original pots. In addition, one of these 
received dried blood and another received the nitrate treatments. No crude 
petroleum was added to these three pots. 

Since it had developed that the nitrate production was very seriously 
interfered with, alternate pots in both series were treated with a solution of 
sodium nitrate, once each week, during the period of growth. Each pot 
received 1/8 gm. of sodium nitrate in a weak solution at each application. 

The moisture-content was held at as nearly optimum as possible, and it 
was found that the higher members of the series took water more readily 
than they had previously. 

Qualitative bacterial samples taken at the time of harvesting, and US days 
after treatment with the crude petroleum, still showed a marked uniformity 
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TABLE 3 


Samples taken from greenhouse pots 21 days after treatment 


CRUDE 
PETROLEUM 
APPLIED PER 
POT 

POTS OONTADONG DRIED BLOOD 

POTS WCiaOUT DRIED BLOOD 

Moisture 

Nitrates 
in dry soil 

Bacteria 
per gram of 
dry soil 

Moisture 

Nitrates 
in dry soil 

Bacteria 
per gram of 
dry soil 

ee. 

per cent 

p.p.m. 

millions 

per com 

ppm. 

milliom 

10 

19.4 

121.0 

8.61 

18.3 

3.94 

2.46 

20 

19.4 

60.0 

18.53 

17.2 

3.95 

2.18 

30 

18.9 

35.5 

19.07 

18.3 

1.95 

2.65 

40 

19.6 

28.0 

16,89 

18.5 

1.95 

3.38 

50 

18.4 

15.0 

15.84 

17.4 

0.00 

3.49 

60 

18.6 

15.1 

16.21 

19.3 

0.00 

3.71 

70 

18.6 

10.9 

21.07 

18,7 

0.00 

3.98 

80 

21.3 

11.1 

16.03 

19.5 

0.00 

4.46 

90 

18.9 

7.98 

17.28 

17.9 

0.00 

4.28 

100 

18.6 

7.97 

24.85 

19.3 

0.00 

4.57 

120 

18.4 

7.96 

25.21 

17.8 

0.00 

6.02 

140 

19.2 

3.94 

23.29 

15.9 

0.00 

5.83 

160 

17.6 

0.00 

26.58 

14.2 

0.00 

6.64 

180 


0.00 

24.38 

13.5 

0.00 

7.28 

200 

1 16.4 

0.00 

31.02 

12.3 

0.00 

7.29 


TABLE 4 

Samples taken from greenhouse pots S6 days after treatment 


CRUDE 
PEJROIEUU 
APPLIED PER 
POX 

POTS COMAIMIKO DRIED BLOOD 

POTS WJXSODT DRIED BLOOD 

Moisture 

Nitrates 
in dry soil 

Bacteria 
per gram of 
dry son 

Moisture 

Nitrates 
in dry soil 

Bacteria 
per gram of 
dry soil 

CC. 

percent 

p.pM. 

millions 

percent 

p.pm. 

minions 

0 




19.3 

21.6 

1.87 

0 

20.1 

77.0 

12.20 




0 




18.3 

20.8 

1.90 

10 

18.7 

816.0 

3.41 

18.3 

8.8 

2,21 

20 

17.4 

400.0 

4.36 

17.6 

8.9 

2.35 

30 

20.1 

256.0 

4.68 

19.4 

6.4 

2.70 

40 

19.4 

296,0 

5.14 

18.6 

4.1 

2.68 

50 

18.9 

336.0 

4.81 

17.3 

4.0 

2.91 

60 

17.8 

344.0 

5.33 

16.5 

3.2 

3.13 

70 

17.3 

312.0 

5.96 

17.9 

1,6 

3.30 

80 

18.5 

264.0 

6.17 

16.9 

0.0 

2.86 

90 

18.7 

183.0 

6.43 

17.6 

0.0 

2.69 

100 

18.1 

144,0 

5.32 

17.3 

0.0 

2.95 

120 

18.9 

96.0 

4.59 

17.3 

0.0 

2.74 

140 

18.8 

88.0 

6.31 

18.6 

0.0 

3.62 

160 

16.4 

94.0 

7.28 

17.2 

0.0 

3.75 

180 

17.6 

92.0 

5.69 

15.3 

0,0 

4.21 

200 

17.1 

87.0 

6.87 

14.6 

0.0 

5.14 
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of bacterial t37pe in the pots receiving 100 cc. or over of the crude petroleum 
and not dried blood. In the dried blood series the pots which received 180 cc. 
and 200 cc. of crude petroleum showed uniformity of bacterial type. All 
other pots showed as large a number of bacterial types as would be expected 
in the normal soil flora. 


TABLE 5 

Petroleum extracted by ether from soils 115 days after Preainieni 


CRUDE 

-WITH DRIED BLOOD 

wuhout dried blood 

PETROLDUM 

ADDED 

PER POT 

Extract 
Irom 10 Rxn. 
dry sou 

Extract 
minus blank 

Petroleum 

recovered 

Extract 
from 10 
dry soil 

Extract 
minus blank 

Petroleum 

recovered 

CC* 

mgm. 

tngm. 

per cent 

n:gm. 

mgm. 

per cent 

0 

4.1 



3.6 



10 

18.2 

14.1 

67 A 

13.7 

10.1 

48.3 

80 

101.6 

97.5 

52.5 

103.4 

99.8 

53.8 

200 

191.6 

187.5 

45.6 

163.4 

159.8 

38.9 


TABLE 6 

Growth {dry weight of tops) of dent corn after 56 days 


CRUDE PETROLEUM 
APPLIED PER POT 

POTS CONTAININO DRUED BLOOD 

POTS WITHOUT DRIED BBOOD 

No nitrate 

Nitrate added 

No nitrate 

Nitrate added 

CC. 

gm. 

gm. 

gm. 

gm. 

0 



27.10 


0 




22.40 

0 

41.40 




10 

32.70 


6.10 


20 


26.10 


17.90 

30 

23.50 


1.70 


40 




5.60 

50 

15.60 


1.40 


60 


35.00 


4.50 

70 

28.60 


7.65 


80 




2.90 

90 

21.60 


1.30 


100 


23.60 


3.10 

120 

12.65 1 


4.30 


140 


15.50 


8.60 

160 

16.20 


0.40 


180 


7.45 


5.40 

200 

9.85 


0.30 



Qualitative nitrate tests, made with Brucin, gave large quantities of 
nitrates in all pots except those showing considerable uniformity of bacterial 
t]^. It seems that nitrates are not formed in the soil to any considerable 
extent, as long as the effect of the crude petroleum is strong enough to main¬ 
tain the imifonnity of bacterial ^’pe. 
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The extraction of the soil with ether, as shown in table S, seems to indicate 
that approxiinately 50 per cent of the crude petroleum had either been vola¬ 
tilized or broken down into simple substances by the action of certain of the 
microorganisms foimd in the soil. Sufficient data have not been secured, 
however, to substantiate this point. 



LE.CEND 


N adi e4. 

Stood added 

Nitrttte 4Ad Dried Stood added 
Mo Nitraf# or Bieod addAd 




linaraminnnBBHn 

iianfliiiHnauainnni 


O /o iio so so ^ 70 tdo feo 

cc Crod-i PsTi'o/eoof 

Fig. 1. Growih of Dent Coen in Geeenhogse, Fifty-six Days Old 


Table 6 and figure 1, Ulustratmg the yield of the dry weight of the com 
plants from each pot, diow that the addition of an easily soluble nitrate oper¬ 
ated to increase plant growth. However, the increase due to the addition 
of the nitrate was not nearly as lai^e as the increase due to the addition of 
dried blood to the soil. 

The crude petroleum did not seem to decrease the growth of the com until 
about 80 cc. to 90 cc. had been applied to each pot. 
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PUKE CULTUKE STUDIES 

Although several organisms persistently appeared in the petri plates from 
soil treated with crude petroleum, one type was a great deal more prominent 
than any of the others. A large number of cultures of this organism were 
isolated from different soils and studied culturally, morphologically and 
physiologically. 

In this work the outline recommended by the 1920 Report of the Com¬ 
mittee on Standard Methods of the Society of American Bacteriologists was 
followed. 

The index number of the organism according to this chart is 5331-52220-1233. 

In most respects the culture corresponds very closely to the Mycobacterium 
hyalinum described by Sohngen (5) as a bacterium capable of breaking down 
and utilizing such compounds as benzene, paraffin and petroleum. 

Morphology 

Form, The organism is a clear cut rod about three times as long as wide. Long chains 
of 6 or 8 organisms are occasionally found. Although the growth on agar is slimy and gives 
indication of capsule formation, none has ever been observed. 

Size, The organisms are very uniform in size, being about 1 by 3 microns. 

MotUUy, No motility has been observed. 

Spore formaUon, Spores are not formed. 

Staining properties. The organism stains readily but not at all uniformily. Heavily 
stained granules are usually observed at either end of the rod with Loefflers Methylene 
Blue. It is Gram negative. 

Cultural characteristics 

Agar colonies. Colonies on agar develop rather slowly, are medium sized, about 3 to 
5 mm. in diameter, elevated, amorphous and glistening. 

Agar slant. Growth on agar slant resembles that of the agar colonies, being elevated, 
glistening and white. It spreads over the surface of the agar and m old cultures tends to 
form heavy folds or wrinkles of a light yellow hue. 

Agar stab. Growth on the surface is in the form of a shiny glistening drop with very 
slight growth down the line of inoculation. 

Gelatin colonies. Colonies resemble the agar colonies very closely. There is no liquefac¬ 
tion of the gelatin. 

Gelatin stab. No liquefaction occurs and the growth is rather slow, being slimy and 
glistening on the surface and very scant along the line of inoculation. 

Bouillon. Cloudy growth occurs throughout with the formation of a slight ring around 
the surface. 

Potato streak. Growth is elevated and glistening white, later turning light cream color. 

Physiologial characteristics 

Arabinose, sucrose, lactose, maltose, raiEnose, inulin, and glycerin are not fermented. 
Dextrose is fermented with the production of slight acidity and no gas. Levulose and 
mannite give rather high acidity, but no gas formation. 

Starch is hydrolysed slowly. 

Ammonia is formed from urea, but is not formed from casein, dried blood, gelatin, pep¬ 
tone, egg albumin or cotton seed meal. 
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Nitrates are reduced to nitrites without the formation of gas. 

The org anism grows best in the presence of oxygen, but is able to grow in the absence of 
oxygen to a slight extent. 

SUMMIARY 

1. The soil flora is changed remarkably by applications of crude petroleum. 
Most types of bacteria are inhibited by the action of the crude petroleum, 
but some few types are very greatly stimulated by its action. Mold growth 
is not inhibited by the action of the crude petroleum. 

2. Ammonia production in the soil is lowered slightly by applications of 
crude petroleum. The ammonia produced in the soil is probably the result 
of mold growth and not bacterial action as the bacterial t 3 ^es favored by the 
crude petroleum are not able to form ammonia from organic material. 

3. When first applied, nitrate production in the soil is completely inhibited 
by the crude petroleum. The inhibitory action lasts over a var 3 nng period 
of time, depending upon the size of the application, and is followed by a 
period of rather slow nitrification, which gradually becomes more intense, 

4. The data in regard to crop growth are not conclusive, but the indications 
are that small applications of crude petroleum to the soil do not injure its 
crop-producing power. Larger applications have a detrimental influence 
partly because of their effect on the physical condition of the soil. 

5. It seems that crude petroleum when incorporated in soil is gradually 
broken down into simpler products and the effect of its presence is no longer 
apparent. 
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The Lipman process of mixing rock phosphate, sulfur and some other 
inert material for the purpose of making acid phosphate is based upon 
the phenomenon of the oxidation of sulfur by microorganisms, chiefly 
Thiohacillits thiooxidans (6, 10). A number of investigators (1, 2, 3, 4, 
13), have followed up the pioneer work of Lipman and his associates 
(8, 11). Their achievements have been negligible in comparison with 
the hopes and faith voiced by Lipman in his early work and boldly 
maintained by McLean (11). All, however, felt the possibilities of 
making acid phosphate by a bacterial process, eliminating thereby first 
the sulfuric acid production for acid phosphate production, and secondly 
the elimination of the acidulation process of the rock phosphate. The 
idea may sound far fetched but it is the firm belief of the writer that this 
is possible and the experiments reported below will show how the process 
may be developed. The chief failure of the investigations including 
even those of Rudolfs (12) conducted in France almost parallel with the 
writer’s work, is their failure to appreciate some of the fundamental 
reactions involved in the oxidation of sulfur by microorganisms. It is 
true that these reactions were overlooked even by Lipman and McLean, 
but their work was pioneer work. Yet a thorough examination of their 
work will show how comprehensive in scope it was, how systematically 
it was attacked, how thoroughly some of the features were looked into, 
and how many phases of the work were touched. Their followers simply 
checked up their work and as a result very little progress has been made 
toward attaining a way of making acid phosphate by the Lipman process. 

In the case of the sulfur-floats mixtures, the reactions that take place 
when sulfur is oxidized to sulfuric acid and when this acid reacts with the 
tricalcium phosphate are: 

( 1 ) 2 S + 2H2O + 3Q2 = 2 H2SO4 

(2) Ca 8 (P 04)2 + H2SO4 + 2 H2O = Caa Ha (P 04)2 + Ca S 04-2 HaO 

(3) Cas Ha (P04)2 + H2SO4 + 2 HaO - CaH4 (P 04)2 + CaS 04 - 2 Ha 0 

1 Paper No. 103 of the Journal Series, New Jersey Agricultural E 3 q>eriment Stations, 
Department of Soil Chemistry and Bacteriology. 

This paper will appear in Rutgers College Studies, voL 1. 
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Equation (1), when analyzed from a stoichiometric standpoint, tells 
us that with the progress of the sulfur oxidation water is taken out from 
the system for the formation of the sulfuric acid. None of the workers 
on the problem of securing an ideal mixture for the rapid transformation 
of the insoluble phosphates have taken this factor in consideration. 
Their procedure was to weigh the cultures weekly or at other intervals of 
time, consider the loss in weight as the measure of water lost by evapora¬ 
tion, and add only this much water for maintaining a proper moisture- 
content. In reality, however, there was an additional loss of culture- 
moisture equivalent to the weight of the water used for building up the 
sulfuric acid molecule and the water of crystallization in gypsum plus 
the weight of the oxygen necessarily introduced for the formation of the 
sulfuric acid. 

2S + 302 + 2 H 2 O = 2 H 2 SO 4 
64 + 96 + 36 = 196 

Thus from 64 units of sulfur 196 units of sulfuric acid are formed, or for 
every gram of sulfur, 3.02 gm. of sulfuric acid, a gain in weight of more 
than 2 gm. for every gram of sulfur oxidized. Also, as indicated, in 
the second and third equations, one of the end products of the reaction 
is gypsum, each molecule of which holds two molecules of water of crys¬ 
tallization. This again causes the system to gain weight and minimize 
the apparent loss by evaporation. The cultures, therefore, suffered a 
constantly progressing deficiency in moisture and oxidation was neces¬ 
sarily retarded. Experiments conducted by the writer with a view of 
studying the gain in weight in cultures of progressive sulfur oxidation 
proved this theoretical consideration beyond doubt. In sand cultures a 
gain very close to the theoretical was obtained while with some mixtures of 
rock phosphate, sulfur and soil the gain at times was b^low the theoretical 
probably due to the liberation of CO 2 from some of the carbonates present 
in the mixtures. Thus the moisture-content of the mixtures is a function 
of the sulfur oxidized. 

Another point which the first equation brings up is the oxygen supply 
in the process of sulfur oxidation. This point has been appreciated by 
Lipman and McLean; but Rudolfs (12) contrary to all expectations, 
from a theoretical point of view, found that aeration had no stimulating 
effect on the oxidation of sulfur. It might be suspected that some other 
factor, perhaps the one of the proper moisture-content, was the cause of 
the failure. Experiments on the effect of aeration have already been 
reported elsewhere (6). 

The reactions involved in the conversion of rock phosphate into soluble 
forms by means of acid as represented empirically in equations (2) and 
(3), belong to the heterogeneous system and have been studied very little. 
Throughout the work it was noticed that the cultures reached a hydrogen- 
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ion concentration as expressed by tbe Sorensen figure pH 2.8. A test 
of the chemically pure primary calcium phosphate as well as that of the 
commercial acid phosphate also gave a pH 2.8. Naturally the speeding 
up of the initial stage of incubation in order to reach such a pH was con¬ 
sidered of importance. Experiments were conducted to see whether 
additions of sulfuric acid at the start will bring about such a condition. 
These experiments have been reported already (7). 

An important step towards the successful accomplishment of making 
acid phosphate by the Lipman process was the building up of mixtures 
of rock phosphate, sulfur and some other inert material, whereby the 
total and the available phosphate content should both be high. 

EXPERIMENT 1. EPFECT OF MOISTURE CONTENT 

A mixture in the proportions of IS gm. of rock phosphate flour, 5 gm. 
of sulfur and 80 gm. of greenhouse soil was distributed into small earthen¬ 
ware pots in 400-gm. portions. Pots 1 and 2 received water equal to 
50 per cent of the total moisture-holding capacity; 3 and 4, 60 per cent; 
5 and 6, 75 per cent; 7 and 8, SO per cent. With the exception of pots 
7 and 8 the moisture-content was kept up, by weekly determinations to 
the amount added at the start. Pots 7 and 8 were weighed carefully, and 
the loss in weight was considered as the loss by evaporation. Results are 
given in table 1. 

The results presented are very striking and bring out several interest¬ 
ing points. First, McLean’s (11) results that 50 to 60 per cent satura¬ 
tion of the mixture is the best are confirmed. Pots 1 and 2 show this 
very clearly. Second, the failure of some investigators to get results 
even with 50 per cent saturation is due to the erroneous calculation of the 
moisture lost by evaporation, as pointed out above. After the third 
week the importance of the moisture factor begins to show, although the 
oxidation of sulfur is stiU going on, as indicated by the gradual accumula¬ 
tion of soluble phosphorus. The limiting factor at such a moisture-con¬ 
tent is not of a direct nature. In another part of this work to be reported 
later the physico-chemical principles of the course of conversion of insol¬ 
uble phosphates into soluble forms are expounded and it is pointed out 
that in such a system the speed of diffusion of the reacting substances 
and the amount of contact of the reacting substances play an important 
idle. In cultures 7 and 8 there may have been sufficient moisture for 
the metabolic processes of the organisms responsible for the oxidation of 
the sulfur, but the diffusing power and amount of contact is lowered. 
Third, cultures 3 and 4 lagged behind until the pH went down to 2.8, 
but gained rapidly after reaching this point. It has been pointed out 
elsewhere (6) that up to the pH 2.8, the sulfur-oxidizing organisms have 
to compete with other groups of microSrganisms. It is very likely true 
that at a 50 per cent saturation the sulfur-oxidizing flora is at an ad- 
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vantage over others, while after reaching the pH 2.8 the field of action 
is clear and then a higher moisture-content is just what is required for 
proper diffusion. Fourth, a more nearly saturated condition, as the 75 
per cent saturation was in this case, is detrimental to the sulfur oxidizing 
flora, especially in the early period of incubation. 

From this experiment, therefore, it appears that for ideal sulfur 
oxidizing conditions the cultures should be started with a moisture-con¬ 
tent of SO per cent saturation, and after the reaction reaches a reaction 
of pH 2.8 the moisture-content should be gradually raised to a 60 per 
cent saturation. 
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From the begi nnin g of scientific work on soils it has been recognized that a 
mechanical analysis is a necessary part of any complete soil description. There 
is a tendency for investigators in soils to seek for generalized diaracteristics, 
such, for example, as the effective radius, the moisture equivalent, and the 
hygroscopic coefficient. It is e^fident, however, that the ultimate solution 
of many of the problems in soil physics and chemistry must depend upon 
information which will come with a greater knowledge of the mechanical 
states and processes of the soil in their microscopic detail. Although many 
serious efforts have been made to perfect a suitable method of mechanical 
anal 3 rsis, it can scarcely be said that satisfactory results have been obtained. 

The elutriation and sedimentation methods which have been described are 
so laborious and time-consuming that their use for obtaining the complete 
frequency distribution curve is quite out of the question except in certain 
special cases. The standard methods of this type have been studied and com¬ 
pared by Joseph and Martin (4) who recommend the use of sodium carbonate 
as the deflocculating agent and gravity sedimentation as the most convenient 
means of effecting the separation. The various methods of obtaining the 
distribution curve have been summarized by TOghtman and Sheppard (12) 
who also submit some interesting results with silver halide suspensions obtained 
by two optical methods. Since developing the method described in this paper, 
we have had access to the recent papers of Od&i (6, 7, 8). He has elaborated 
the fundamental idea of the simple sedimentation method of Schloessing (11) 
and devised an ingenious procedure for obtaining the complete distribution 
curve of soils. He suspends a balance pan near the bottom of a cylinder 
containing the soil suspension and measures the rate of settling of the material 
on the pan. From the “accumulation” curv’^e so obtained the distribution 
curve is calculated. The method we propose has been developed primarily 
as a result of the need, long felt at this Station, for a simple means of detenninr 
ing the amount of very fine material in soils, particularly the particles smaller 
than one noicron in diameter. This method is also applicable to the fine sand 
and silt. The authors feel that it offers many advantages over other methods. 
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APPARATUS AND TECHNIQUE 

The method is simple. It consists in shaking a dilute, fully deflocculated 
soil suspension in a cylindrical vessel, placing the latter in an upright position, 
and determining the concentration as it changes with the time at measured 
distances below the surface. We have found an ordinary Oldberg percolator, 
with a centimeter scale on the outside, convenient for this purpose. The 
sample to be analyzed is drawn off from below through a permanently j&xed 
multiple-intake pipette with the openings turned in a horizontal direction, as 
illustrated in figure 1. The capacity of this pipette is made small in comparison 
with the size of sample to be drawn off and the rate of flow is controlled by a 
glass nozzle at the outlet. We make a practice of discarding the first small 
fraction standing in the pipette together with a small additional amount used 
for washing. The percolator we have used is 40 cm. high by 8.5 cm, in diam¬ 
eter, and the pipette with nine intakes has a capacity of about 2 cc. As 
indicated below, the limit of precision is in the sampling and weighing, and it 
is therefore necessary to use every precaution for accuracy in these operations. 
It is possible that the nephelometer may be used with greater speed and preci¬ 
sion for determining the suspension density when only very small particles 
are present, and we hope to investigate its use for this purpose. 

We have foimd that when the rate of flow of the sample is about 15 cc. per 
minute, the currents set up in tlie cylinder are not strong enough to cause 
appreciable mixing, and it is possible to go on sampling at frequent intervals 
without diaking the suspension after each sampling. This procedure has been 
successfully adopted when aU the particles with a radius larger than 5ju have 
had time to fall below the intake of the pipette. The larger particles, however, 
fall so rapidly that the sample must be taken more quickly when they are 
present in order that the ratio of the time of sampling to the total time of 
settling may be small and in order that the stream lines may be strong enough 
to carry the large particles into the sampler. We therefore use as high a column 
of liquid as possible ^t first, omit the nozzle, and shake the suspension after 
each sampling. The position of the surface is read before and after each por¬ 
tion is drawn off. 

The problem of attaining and maintaining a completely deflocculated con¬ 
dition in the suspension is vital to this method. Od6n (7, p. 332) recommends 
a concentration of 0.007 to 0.02 per cent of ammonia in the liquid after the 
usual preliminary shaking. Arid soils generally contain so much calcium car¬ 
bonate and soluble salts that his method fails in its purpose. We have there¬ 
fore adopted with promising success, the recommendation of Joseph and Martin 
(4), of using sodium carbonate the deflocculating agent. This salt dimin¬ 
ishes the concentration of the calcium ions and at the same time supplies 
hydroxyl ions to charge the soil particles. It would seem from our 
limited experience that the best concentration to use is about 0.015 to 0.03 
per cent. With smaller and larger amounts flocculation has occurred. We 
are investigating this point, and another paper is in process on this question. 
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It is ako important in this method to adjust the suspension density within 
certain limits. On the one hand the concentration must not be so high that 
the particles interfere with each other appreciably in their fall, and on the 
other hand it must not be so low that a suitable sample does not contain 
enough solid material to weigh accurately. Od6n (8) states that 1 per cent is 
not too high a concentration. Our experimental data indicate that about 0.2 
per cent of material below S/x radius is appropriate, but this point needs further 
investigation. 

Since the rate of fall of a particle is inversely proportional to the \iscosity of 
the liquid, and since, as Robinson (10) points out, the latter is increased about 
30 per cent by a decrease in temperature of 10°, it is ob\ious that a large error 
may be introduced through a failure to control the temperature. This error 
may be further increased by mixing due to convection currents caused by 
unequal heating of the system. Instead of using a thermostat we have set 
up our apparatus in a deep basement room in which the temperature has been 
found to vary but slightly. The tubes have ako been properly insulated in 
order to prevent the influence of local temperature changes. 

DISCUSSION OE THEORY 
Physical basis 

This method involves the assumption that the particles fall as individuak 
at a constant rate irrespective of the presence of other particles. It classifies 
the soil into fractions according to their rates of fall through the liquid and, in 
order to approximate the size of these particles we make use of Stokes^ equation 

r — Cr® (1) 

wte c - Pg!-siP---£2 

V 

In this equation v is the rate of fall of spherical particles of radius r and density 
p in a liquid of viscosity tj and density p'. Knott (S) has pointed out that 
the use of Stokes’ equation in this sense serves only to define the effective 
radius. 

If any irregular particle is thought of as being molded into a sphere, the 
radius of the sphere may be regarded as the radius of the particle. This will 
differ slightly of course from the value determined by the above equation, not 
only because the particle k not spherical in shape but also because its density 
may differ from the mean value for the entire sample. These difficulties are 
inherent in any sedimentation method. We shall designate the value of r 
that satisfies equation (1) as the equivalent” radius. 0d6i (6) assumes that 
the density of the sample is constant in his definition of “effective” radius. 
It should be noted that the term “effective” radius k used in soik literature in 
another sense, and the term “equivalent” radius is probably preferable in 
thk connection. 
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It is well known tliat the density of the mineral material of a soil is practically 
independent of the size of the particles so that the variation in density through¬ 
out the sample will be small. The organic matter offers another problem that 
deserves special study. Od6a (6), Hall (3), and other investigators (2,12) 
have concluded that the rate of fall of an irregularly shaped particle is not 
materially different from that of a sphere of the same volume and density. 

The upper limit of application of Stokes’ law is given by Allen (1): 

. 9 ^^ 

2 gp' (j> - pO 

and represent a radius of about 85/a in the case of ordinary soil particles. The 
lower Unlit has not been determined, but Perrin (9) has shown that the law 
holds for particles to about 0.2/a radius. 

The cdcidaiion 

The suspension density at any point ah (fig. 1) beneath the surface is due 
to the presence of a large number of different sized partides, and the decrease 
in this aggregate concentration is due to the disappearance one by one of these 
separate spedes. The concentration of the particles of any given size at this 
point will remain constant until those paxtides (of this size) which were origi¬ 
nally at the surface have had time to fall through the distance ah. The con¬ 
centration of this species will then decrease abruptly to zero. In other words 
each spedes of partides may be thought of as falling as a solid column, inde¬ 
pendently of aU the others. 

The difference between two successive measurements of the suspension 
density will represent the amount of a fraction whose limiting dimensions are 
given by the radii corresponding to the two times at which the measurements 
are taken. If therefore the relation between / and t is obtained experimentally, 
we may calculate the equivalent radius by Stokes’ law: 


r 



(10 


and read at once from the graph representing the (^—r) relationship the 
amount of the sample l3dng between any two values of r. If we wish to express 
the suspension density as a fraction part of the original concentration we 


may plot the ratio 


g), against the radius r, and read the percentage of 


any fraction from the graph. 

If the weight (w') of particles of radius r in the sample is represented graphi¬ 
cally as a continuous function of r (see figure 2) we may write: 


dr 


( 2 ) 
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where L is the volume of the liquid in which the soil is suspended. Or, it W 
is the total weight of the sample, we may write for convenience: 

(s^) “ (I) “ (1) “ 

equation (2) will then become 


dr 


= w 


(3) 


Using this equation we naay calculate the w—r curve from the slope of the y—r 
curve. 


Precision 

In figure 4 is shown a group of hypothetical curves (series 2) for which the 
equations are known, representing in their general form possible w—r distri¬ 
bution curves, and in series 1 the r curves from which they were obtained by 
the above transformation. From the form of equation (3), it is obvious that 
the measure of precision in the determination of the w—r curves is the same as 
that of the slopes of the original series 1 and the magnitude of the probable 
error may be estimated from the following. If n cc. are drawn off in the sample 
to be used for the determination of q\ the total weight m of soil remaining after 
the water has been evaporated will be given by the equation: 



If e represents the probable error of the weighing of the sample, the fractional 
error E will be: 


^ nq'/L 

In the determination of the slope of the curves the difference in ordinates must 
be measured corresponding to different values of r, but inasmuch as the error 
in the latter may be controlled almost entirely by tbe choice of the scale on 
which the data are plotted, the error will arise principally from the error in the 
determination of qf. At the highest point on the curves of series 1 of figure 4, 
the width, of the line is of the order of of the ordinate, so that an experi¬ 

mental error of this magnitude should not fall appreciably off the curve. 

In order to sample the suspension it will be necessary to draw off a finite 
stratum of thickness h (see figure 1), and if A is small the suspension density 
may be said to vary linearly over this range and the sample to represent the 
concentration at the middle point of the section. A small error will be intro¬ 
duced by this assumption since the density is not strictly a linear function of 
the depth over this range. The magnitude of the error may be estimated as 
follows: 
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E fi = radius of partide of spedes vanishiug at a distance ah beneath the 
surface at time t 

qi = density of suspension at this point at time t 

, bk 

r% = radius of particle of spedes vanishing at pomt ah + — zA, time / 
where J is a fraction 

bh 

qi = density of suspension at point ah + y at time t 

w = mean value of w for interval rj—r, 

We may then write 

qi — gi _ w {h — n) (n) 




(fi) 


By means of equation (1') we may eliminate the ratio 

f2 — ri 


14) 


by substituting in its place the ratio 

•y/a + b/2 — y/a 
•y/a 

We may also substitute R for the ratio 

aifi 

and equation (4) will become 

qi ~ gi ^ R ('s/g + 6/2 — 

?i y/o 


(4') 


From figure 3 it may be seen that the ratio R is equal to the ratio of the rec¬ 
tangular portion to the area of the curve from 0 to the point ri. This magnitude 
will therefore vary through a small finite range not far from unity, whereas the 
other factor of the ri^t hand member of (4)' may be made as small as dedred 
consistent with other considerations governing the choice of the factor a. 
The small partides will of couse move slowly, and the depth from which the 
sample is taken must therefore be governed by this consideration. For a 
value of 0 = 10 on., this ratio is of the order 0.025 if we give to 6 the value 
unity. As a matter of fact b must be less than unity and in'the ordinary case 
will be a small fraction. For & = 0.1 this ratio will become of the order 0.0025. 

Another source of error which may be dgnificant for large values of r arises 
from the fact that in securing the sample for analysis the heavier partides may 
not all foUow the stream lines into the pipette, and a certain fractional part of 
each qiedes may fall bdow the intake. H we break up the quantity g' into 
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it® component parts, etc., and if we lose an amount a, of spedes 1, 

0:2 of spedes 2, as of spedes 3, and so on, we shall have for two successive 

f}ieasurei values of (f: 

S {(gi — ai) + (ga' — 0^2) + - . . .} 

q'h = S{(g 2 ^ — aa) + {qz — as) + . • . 

In measuring the slope of the curves the difference of these two values of q 
will be the value obtained, whereas the correct values will by qi — qz = qi'^ 
The ratio of the measured and true values of this difference will therefore be 
given as 

q'a — q^b ^ q/ — ax ^ ^ 

?i' - gi' 

so that the fractional error is given by the ration, — 

?i 


EXPERIMENTAL RESULTS 


To illustrate the method we are reporting the results obtained for two differ¬ 
ent types of soil, Greenville silty clay loam and Trenton clay. The former is 
a good agricultural soil containing a large percentage of fine sand and soil and 
1.6 per cent organic carbon, while the latter is a very tight clay containing only 
0,65 per cent organic carbon. Both soils are similar chemically and contain 
about 35 per cent of caldum and magnesium carbonates. The water-soluble 
material in the two soils is given in table 1. 


TABLE 1 


Analysis of waier-soliible material 


SOIL 


Greenville silty clay loam. 
Trenton day. 


TOTAL SAITS 

COi 

HCO» 

per cent 

percent 

per cent 

mSSm 

None 

0.017 


None 

0.057 


Cl 

SOi 

Ca 

Mg 

percent 

percent 

percent 

percent 




0.003 

0.019 


02 

0.003 


The experiment was carried out as described above, the observations being 
made at time-intervals of from 40 seconds to two weeks, the depth of the 
sampling var 3 dng from 30 cm. to less than 1 cm. The time of each sampling 
was then corrected to correspond to a standard depth of 10 cm. Ten grams of 
soil were shaken for 2 hours with 50 cc. of 0.5 per cent sodium carbonate.^ The 
Greenville soil was then diluted to 2 liters and the Trenton to 5 liters. Additional 
sodium carbonate was added to make up the concentrations noted in the legend 
of the graph of figure 5. Two entirely independent sets of observations are 
given with each soil. These agree dosdy in the case of the lighter soil, but the 

^ Subsequent work has shown that two hours’ shaking is insufficient to deflocctdate certain 
soils and that oven-dried soils deflocculate more slowly than air-diied soils. 
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Fig. 5. Exferimentai. Data and DisTRiBunoN Curves eor Two Soils 
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Trenton clay shows some interesting discrepancies. The system with 0.017 
per cent sodium carbonate gives low results in the silt, indicating apparently 
a partial flocculation of this material. The system with 0.041 per cent sodium 
carbonate behaves normally for a long time, but there eventually appears to 
be flocculation of the very fine day, due perhaps to the high concentration of 
the sodium ion. It should be noted in this connection that another experi¬ 
ment, not recorded here, in which 0.05 per cent sodium carbonate was used 
showed flocculation of the clay at an earlier stage of the process. This work 
indicates the need for careful flocculation studies, particularly in dealing with 
soils in which soluble salts are present. 

As a control on this method, we have made a number of sedimentation 
separations of these soils by a modification of the method of Joseph and Mar- 
tm( 4), using an 8-ounce bottle to hold the sample and a siphon with the intake 
turned upward to make the pouring. Individual 2-gram samples were used 
for each separation, and the sediment remaining when the decantation was 
complete was dried and weighed. Duplicate determinations almost invariably 
agreed so perfectly that we consider the method thoroughly reliable. The 
results thus obtained have been superimposed on the curves obtained by the 
new method, and it will be observed that the concordance is very good over 
the range compared, but that the new method gives information concerning a 
wide range of particles which are too small to be studied by the sedimentation 
method. 


GRAPHICAL REPRESENTATION 


The two series of curves of figure 4 illustrate graphically the relation between 
a function and its derivative and apply to any choice of independent variable. 

In plotting our e3q)erimental data we have used the ratio - = (g) as ordinate 

go 

and the logarithm of the time as abscissa. This is done entirely as a matter 
of convenience so that all the data may be shown on the diagram (8). Since 
the logarithm of the time is a linear function of the logarithm of the radius, 
plotting the one is equivalent to plotting the other and avoids any numerical 
calculation. Only the values of the radius however, are indicated on the 
graph (see figure 5), 

We have also diown the derivative of this (g—log f) curve on the same 
diagram. If therefore we generalize the meaning of equation (3), regarding 
w as the weight of soil correg)onding to any function of r, [f (r)], this equation 
may be rewritten in the form: 


dg = Widfi = W 2 dfs = 


(30 


the subscript being used to indicate the choice of independent variable. If 


AOIL SCXBMOEt TOli. XITi HO. 6 
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therefore/i(f) = = log r, and fz{T) — we may readfly obtain the 

r 

relation 

W2 “ Wit; wz — Wif^ 


W 2 d (log r) = r {dr/r) = Wi dr 
Wz d (1/f) = — 2 e;i f* ~ wi dr 

The physical meaning of the logarithmic graph may be somewhat obscure. 
Another way of condensing the data for large values of r, is to plot its reciprocal 
as the independent variable. Although tibis is less convenient than the other 
method it has an important physical meaning since the reciprocal of the radius 
is a measure of the specific surface of the particle. 

It should be noted that both the r) and ( 2 e>s—~) relationships can 

r 

be obtained from the (g—log r) ctirve by a simple calculation. It we let 


y ^ q 


and 


oa = logic r = log c r • logic e 


dy 

dx 


d logio r lQg<o e dr 


If 


R = 1/r 


dy _ 1 dq 

dx ^ r logic e dR 

These curves are worked out in figure 6 from the diagrams of figure S. 

ROUTINE MECHANICAL ANALYSES 

As a routine method of making mechanical analyses, the procedure here 
proposed has many advantages over the standard methods. The units of 
apparatus are cheap and as many as desired can readily be set up. Indeed 
only standard equipment such as may be found in any soils laboratory need be 
used. If the soil is put through a half-millimeter sieve after shaking it with 
the deflocculating agent or if a separate sample is treated in this way it will 
be possible to obtain all the conventional groups of sizes below this point except 
perhaps the separation at 0.25 mm. diameter by merely drawing off a few 
samples of the liquid at certain times. Table 2 gives the rate of settling 
through a 10 cm. column at 16®C. assuming the density of the soil to be 2.7. 

By increasing the height of the column of liquid at first and decreasing it 
later a convenient and accurate system of timing the samples could readily 
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be worked out. We estimate that one man, properly equipped with sedimen¬ 
tation units and weighing bottles, could start about eight samples every 
day, and after obtaining the points indicated in the table finiah each set 
of determinations in three or four days. If fewer points were sought, corre¬ 
spondingly more soils could be analyzed. This output of work would be from 
five to ten times that obtained by the method of the Bureau of Soils, for 
example. 

TABLE 2 


Rate of setUing 


KAUXTER 

RADIUS 

TIME TO TALL 10 CM. 

mm, 

0.25 

ft 

125.0 

1.9 seconds 

0.1 

50.0 

12.0 seconds 

0.05 

25.0 

48.0 seconds 

0.01 

5.0 

20.0 minutes 

0.005 

2.5 

80.0 minutes 

0.002 

1.0 

8.33 hours 

0.001 

0.5 

33.33 hours 

0.0005 

0.25 

5.55 days 


SUMMARY 

1. A new method for the rapid and accurate mechanical analysis of soil is 
described which is applicable to a range of sizes from fine sand to colloidal 
material. The method may be used either for conventional routine work or 
for a detailed study of the size-frequency distribution of the particles. Only 
inespensive apparatus such as may be found in any soils laboratory need be 
used. 

2. Some experimental data are submitted showing that this method agrees 
closely with a reliable sedimentation method. 

3. The method offers a quantitative means of studying flocculation phe¬ 
nomena. It should also yield valuable information concerning the colloidal 
properties of soil. 
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